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PREFACE 


Just ten years after its inception on a commercial basis, nuclear energy 
is a growing industry. Valuable practical experience is being accumulated 
from a variety of reactor designs, and soon large-scale competitive nuclear 
power should be available. Therefore, some familiarity with the essen¬ 
tials of nuclear energy becomes a prerequisite to an understanding of the 
economic and scientific revolution of our era. This book is intended to 
explain nuclear energy fundamentals—both basic physical concepts and the 
practical applications. The presentation is made sufficiently readable to 
attract the general interested public, as well as the growing membership of 
the atomics industry. 

The first two chapters are concerned with atomic and nuclear theory. 
Chapter 1 introduces the reader to some of the sophisticated quantum and 
wave-mechanical concepts of the atom that preceded the breakthrough in 
nuclear physics. Chapter 2 explores the nuclear reactions leading to fission 
and the conditions necessary for slow or fast chain reactions. The last two 
chapters of the book are devoted to nuclear reactors and power plants. The 
early types of research reactors, which represent a basic design reservoir 
for most practical power reactors, are described in Chapter 3. Chapter 4 
considers the nuclear reactor in a larger setting, as the heart of a nuclear 
power plant. A roster of most of the existing and proposed nuclear plant 
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designs mentions each installation to some extent, if only to point out essen¬ 
tial principles and differences from other designs. A few large-scale power 
plants are described in considerable detail. 

The author would like to express his appreciation for the generous 
amount of information and illustrative material he received from the Tech¬ 
nical Information Service of the Atomic Energy Commission, the Westing- 
house Electric Corporation, the Brookhaven National Laboratory, and others 
noted within the book. 

New York, N.Y. 

January 1959 

HENRY JACOBOWITZ. 


Digitized by 


Goggle 


Original from 

UNIVERSITY OF MICHIGAN 



Generated on 2020-O5-01 09:13 GMT / https://hdl.handle.net/2027/mdp.3901500344382 

Public Domain, Google-digitized / http://www.hathitrust. 0 rg/access_use#pd-g 00 gle 


CONTENTS 


The Atom and Its Nucleus. 1 

Nuclear Fission and Chain Reaction 17 

Basic Types of Nuclear Reactors. 41 

Power Reactors and Plants. 67 

Index .115 


Digitized by 


Gck .gle 


Original from 

UNIVERSITY OF MICHIGAN 










Generated on 2020-O5-01 09:13 GMT / https://hdl.handle.net/2027/mdp.39015003443820 

Public Domain, Google-digitized / http://www.hathitrust. 0 rg/access_use#pd-g 00 gle 


Digitized by 


Goggle 


Original from 

UNIVERSITY OF MICHIGAN 



Generated on 2020-O5-01 09:13 GMT / https://hdl.handle.net/2027/mdp.39015003443820 

Public Domain, Google-digitized / http://www.hathitrust. 0 rg/access_use#pd-g 00 gle 


To Hilda and Lisa 


Digitized by 


Gck igle 


Original from 

UNIVERSITY OF MICHIGAN 



Generated on 2020-O5-01 09:14 GMT / https://hdl.handle.net/2027/mdp.39015003443820 

Public Domain, Google-digitized / http://www.hathitrust. 0 rg/access_use#pd-g 00 gle 


"By convention sweet is sweet by convention bitter is bitter, by 
convention hot is hot by convention cold is cold, by convention color 
is color. But in reality there are atoms and the void. That is. the ob¬ 
jects of sense are supposed to be real and it is customary to regard 
them as such, but in truth they are not Only the atoms and the 
void are real." 

Democritus, ca. 420 B.C. 
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Atomic Theories 


‘‘Only the atoms and the void are real/* Democritus said, and the sentence 
stands 2400 years later, IC we have learned anything in the interval, it is to 
question the nature of these atoms, and even more fundamentally, the 
nature of reality- Atoms and the things they are thought to be made of— 
electrons, protons and neutrons -—are variously described (see Fig. 1-1) as 
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bouncing billiard balls, submicroseopic solar systems consisting of plane¬ 
tary electrons and a stationary nucleus, fluffy clouds of electrons surround¬ 
ing a charged nucleus, hybrids of mysterious waves and solid particles 
(wdviejes), or what have you; but what axe they, “really?” 

If reality means to you what things are like apart from their environment 
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THE ATOM AND ITS NUCLEUS 


made by suddenly expanding moist air in a cloud chamber, resulting in the 
condensation of little cloud droplets on the charged atoms. The tracks of 
the condensed water droplets show the paths of the individual alpha parti¬ 
cles. The forked track at right shows the collision of an alpha particle with 
a nitrogen atom, which resulted in the capture of the particle and the emis¬ 
sion of a proton. 

A very different story is told by Fig. 1-3, which shows the result of elec¬ 
tron diffraction in manganese dioxide. The alternately bright and dark 
fringes can he explained only by the familiar phenomenon of interference 
between waves, and so electrons must be assumed to be wave-like in char¬ 
acter. Other evidence can be cited (Fig. 1-4) to prove that electrons are par¬ 
ticles. These apparent contradictions have been resolved in a subtle mathe¬ 
matical theory,, called wave mechanics, from which both the wave and parti- 
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NUCLEAR ENERGY AND POWER REACTORS 


cle properties of the electron can be deduced. Regrettably, however, the 
theory does not lend itself to the construction of any model or picture 
familiar to our experience. 

According to the principles of wave mechanics it is not possible to locate 
an electron at any particular spot within the atom, but only possible to 
specify the probability of locating it within a certain volume inside the 
atom. This has led to the picture of the atom as a positively charged nucleus 
surrounded by a negatively charged electron cloud of a given density. The 
electron is not actually a charged cloud, but since it is not possible to specify 
just where the electron is at any time, the effect is the same as if an electron 
cloud with a distributed charge were present. 

The Bohr Atom 

Interesting as the theories we have briefly touched upon may be, let us now 
concentrate on the simple planetary model of the atom, suggested by the 
British scientist Lord Rutherford and developed (in 1913) by the Danish 
physicist Niels Bohr. This model explains so many features of atomic be¬ 
havior that it is still highly useful today. The simplest kind of atom is the 
hydrogen atom. Bohr pictured the hydrogen atom as consisting of a single 
negative electron moving in a circular orbit about a tiny positive nu¬ 
cleus, composed of one proton (Fig. 1-5). The diameter of the smallest 
possible electron orbit is about four billionths of an inch (4 X 10 —9 in), 
but the positive nucleus is concentrated into a space that is only about 
1/10,000 the diameter of the orbit. If the electron orbit was enlarged to the 
dimensions of the Empire State Building, the nucleus would be the size of 
a ping pong ball at its center, and a solitary, baseball-size electron would 
circle the ping pong ball at a distance of 500 feet. As another illustration, if 
the hydrogen nucleus were magnified to the size of the earth, the electron 
would be a large planet orbiting around the earth at a distance about halfway 
between the earth and the sun. Evidently, the atom is mostly empty space, 
and it appears that Democritus’ void is very real indeed. 

Though the electron is somewhat larger than the proton, the mass of the 
atom is concentrated in the nucleus. The proton weighs about 1840 times as 
much as an electron. Electrons are so light that 30,000 trillion trillion of 
them would weigh less than 1 ounce. 

What keeps the electron circling in its orbit? As is true for the earth satel¬ 
lites or the sun and its planets, the outward (centrifugal) force due to the 
energy of motion must be exactly balanced by an opposing inward ( centri¬ 
petal ) force. In contrast to planetary bodies, however, the necessary inward 
force in the atom is not furnished by gravitational attraction, but by the elec¬ 
trostatic attraction between two unlike charges—the positive nucleus and 
the negative electron. This would work fine, except that the laws of classi¬ 
cal physics require an electron spinning in its orbit to give up energy by 
radiation. Because of this loss of energy the electron could be expected to 
spiral gradually into the nucleus, rather than remain in a stable orbit. 
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THE HYDROGEN ATOM AS PICTURED BY BOHR 
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Fig. 1-5 


Bohr, however, made the radical assumption that an electron does not 
radiate energy while spinning in a closed orbit. According to Bohr, the 
electron may rotate in a number of discrete orbits (Fig. 1-6), each associated 
with a definite amount of energy and a specific radius. These are known as 
the stationary (steady) states of the atom. The radius of the orbit and the 
energy (E ) associated with it can change only in unit jumps (quanta), de¬ 
fined by a quantum number, n. When n = 1, the electron is in the smallest 
possible orbit and has the lowest possible energy (Ei). This is known as the 
ground level or normal state. When n = 2, the radius of the orbit is four 
times as large and the energy (E>) is correspondingly increased. When 
n = 3, the radius is nine times as great and the energy (Es) is further in¬ 
creased, and so on. 

The particular orbit or energy level occupied by the electron at any time 
depends on the energy imparted to the electron. When the hydrogen atom 
receives energy, and is said to be excited, the revolving electron jumps from 
the ground state to a larger orbit, in opposition to the electrical attraction of 
the nucleus. How far it jumps—to one of the permissible orbits—depends on 
the amount of excitation energy. If sufficient energy is absorbed, the electron 
may be knocked beyond the outermost stationary orbit and be freed from the 
atom entirely. The atom is then said to be ionized, and since it has lost its 
electron, it is left with a net positive charge. (The atom is normally electri¬ 
cally neutral.) 
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Hydrogen atoms may be excited in a number of ways. One method is to 
introduce hydrogen gas at low pressure into an evacuated tube and discharge 
an electric current through the tube. This results in numerous collisions 
between the hydrogen atoms and the “free” electrons of the current, causing 
excitation or ionization of the hydrogen atoms. Excitation may also be 
produced by injecting hydrogen gas into: a carbon arc, a hot flame, or an 
electric spark. Regardless of the method:'used, When hydrogen atoms are 
excited, the gas gives off a characteristic'glow,, whose color (frequency ) com¬ 
ponents can be analyzed with a spectroscope. {A spectroscope is a more 

produces a rainbow color 


accurate version of the familiar toy pV5sm 
spectrum from ordinary sunlight.) 

When the glow of excited hydrogen gas is analyzed, it is seen to consist of a 
few characteristic colors, each of a specific frequency or wavelength, ( Wave¬ 
length is inversely related to frequency.) As shown in Fig. 1-7 the visible 
spectral lines occur in the red, blue and violet regions, of the sun's spectrum, 
which is shown for-comparison. The four ma jor lines are labeled Ho, H fi, 
Hy,andHS. 

The remarkable success of Bohr's atomic modelis primarily due to the fact 
that ft accurately explains the emission; of light and other radiation. When 
the electron of an excited hydrogen atom returns to its normal lowest energy 
level (n =~ 1), either difectly or in a series of orbit-to.brbit jumps.it gives up 
energy in the form of radiation. The frequency bf the emitted radiation 
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(multiplied by a constant “h”), known as Planck’s constant, is exactly equal 
to the difference in energy between the orbits. It turns out that all the visible 
lines in the hydrogen spectrum are caused by electron jumps from a high 
energy orbit to the second innermost orbit (n — 2). Thus the red Ha line in 
the hydrogen spectrum is emitted, when the electron jumps from the third 
innermost (n = 3) to the second innermost orbit (n 2) ; the blueH/S line is 
caused by a jump from the fourth (n .== 4) to the second orbit, and so on. 
(Refer back to Fig. 1-6.) Moreover, if the frequency of the emitted lines is 
computed from the difference in the energy levels of the Bohr orbits, the 
result checks exactly with the frequencies obtained from spectral analysis. 
This is not only true for the visible lines, but also for a series of lines in the 
ultraviolet region, caused by electron jumps to the innermost prhit (n — l), 
and a further series of lines in the infrared region, caused by electron 
jumps to the third innermost orbit (n 3). The spectrum analysis of 
hydrogen thus provides confirmation of Bohr's atomic theory. 

Although the theory was brilliantly successful in explaining the observed.; 
behavior and spectrum of the hydrogen atom, it proved to. be insufficient to 
account for some of the finer effects, such as the fact that the spectral lines 
were found to consist of groups of finer lines when observed with a spectro¬ 
scope of high resolving power. To account for this and other phenomena, 
various elliptical instead of purely circular orbits were assumed and the 
concept of electron spin was introduced. Even with these added complexities, 
the mechanical model of the atom could not account completely for the 
behavior of hydrogen and was even less successful when applied to more 
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complex atoms. We shall see in the next section how some of the results of 
wave mechanics paved the way for a more adequate picture of the atomic 
structure and behavior of complex atoms. 


Building up Atoms 

One hundred and one elements have been identified thus far including some 
artifically produced elements, each of which correspond to a distinct type of 
atom. The building blocks for all these atoms are electrons, protons and neu¬ 
trons, The electrons have a negative charge, the protons an equal positive 
charge, and the neutrons have no charge. The. atomic mass (weight) of- the 
proton and neutron are approximately equal and are taken as 1 in assigning 
atomic mass numbers to the various atoms. The relative weight of the elec¬ 
tron is only about 1/1840 as great. The electrons are presumed to move in var¬ 
ious orbits around the positive nucleus, which Is made up of protons and neu¬ 
trons. Since the atom is electrically neutral (unless it is ionized), the number 
of itegative electronic charges must equal the number of protons in 
the nucleus. The number of protons in the nucleus of an atom, or equiva¬ 
lently, the number of orbital electrons, is called the atomic number Z Because 
this number specifies the total nuclear (or electron) charge it has long been 
used for identifying the place assigned to chemical elements in the periodic 
table used by the chemist. The sum of the protons and neutrons in the 
nucleus of an atom gives it atomic mas®*number A. The number of neutrons 
in the nucleus, N, is the difference between this mass number and the number 
of protons, or N = A — Z. 

Figure 1-8 shows a simplified view of the sodium atom, symbolized «»Na 2a . 
(The subscript 11 stands for the atomic number Z, the superscript 23 for the 
mass number A, and Na is the chemical symbol for sodium.) As evident from 
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THE ATOM AND ITS NUCLEUS 


the shorthand symbol, the sodium atom consists of 11 protons and (23 — 11) 
or 12 neutrons in the nucleus surrounded by 11 orbital electrons. The atom, 
thus, has the required total mass of 23 (A=23) and is balanced electrically 
with 11 electrons outside the nucleus neutralizing the 11 protons (Z = 11) in 
the nucleus. The 11 electrons are arranged in shells, two being in the first or 
K shell, eight in the second or L shell, and one in the third or M shell. 
(This terminology comes from X-ray notation.) The distances of these 
shells from the nucleus correspond to the Bohr orbits for hydrogen, 
the K-shell being equivalent to the ground level orbit (n = 1), the L-shell 
to the second innermost Bohr orbit (n = 2), the M-shell to the third inner¬ 
most orbit (n = 3) and so on. Shells removed still further from the 
nucleus, corresponding to quantum numbers of 4, 5, and 6, are known 
as the N, O, and P shells, respectively. As is to be expected, the elec¬ 
trons in the innermost or K shell are most strongly attracted to the 
nucleus, whereas the electrons in the more distant shells are progressively 
less strongly bound, and hence are more easily removed in chemical reactions. 
Although this two-dimensional representation of the sodium atom does not 
show it, no two of the electrons—even those in the same shell—have exactly 
the same orbit. 

Meet the Quantum Numbers 

The arrangement of the 11 electrons in the sodium atom may appear to be 
rather arbitrary. Actually, it follows orderly rules, which specify that each 
electron shell can contain only a certain maximum number of electrons. 
Working from inside out, the K, L, M, N, O, and P shells may have a max¬ 
imum of 2, 8, 18, 32, 54, and 72 electrons, respectively, as shown in Fig. 1-9. 

The key to these “magic numbers” is a celebrated concept known as Pauli’s 
exclusion principle. This states, in effect, that no two electrons within an 
atom may have exactly the same orbit, or equivalently, can exist in the same 
state. Now, the state or orbit of any particular electron can be completely 
specified by a group of four quantum numbers, usually called n, 1, m ( and m,. 
These quantum numbers originate from the esoteric depth of quantum 
(wave) mechanics and have no exact physical or pictorial interpretation. By 
referring them to our original Bohr atom, however, we can impose an inter¬ 
pretation that helps to visualize them. 

We have already met the principal quantum number, n, which determines the 
radius and energy level of the orbit. The value of n is always a positive, 
integral number (1, 2, 3 . . .). For a particular shell, the value of n is fixed 
(i.e., for the K-shell, n = 1; for the L-shell n = 2, etc) and all the electrons 
in the shell have approximately the same amount of energy. 

The second quantum number, /.frequently referred to as the orbital angular 
momentum, is connected primarily with the shape of the orbit in an equiva¬ 
lent Bohr atom. (See Fig. 1-10.) When 1 = 0, the electron orbit is an ellipse 
Of maximum eccentricity (most flattened out). As 1 takes on larger positive 
values (1,2, 3,... etc.), the ellipse becomes more and more rounded, and when 
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1 reaches its maximum value of n — 1 (one less than n), the orbit becomes 
circular. The value of l has a slight effect on the energy level of an electron, 
thus accounting for the “splitting” of the spectral lines of some elements. 

The third ox magnetic quantum number , m,, determines the orientation of the 
plane of the electron orbit with respect to the direction of a strong magnetic 
field. (See Fig. 1-11.) Since an orbiting electron is a charge in motion, it 


mognetic field 


represents a tiny electric current. Moreover, you may recall from basic 
electricity, that every current is surrounded by a magnetic field. If an elec¬ 
tron is placed in a strong magnetic field, its own magnetic field and hence, the 
electron orbit, will tend to incline in certain directions with respect to the 
external field. These inclinations of the orbit are specified by the quantum 
number m i which may have only integral positive or negative values from — 1 
its 4-1 (— /, . ... —2, —1, 0, -f 1, +2, . ■ . -f-f); the maximum allowable values 
of tn, are -f-i and — i. When rot = 0, the plane of the electron orbit is parallel 
to the external magnetic field, when m* = 4"l or —X, the orbit is perpendicu¬ 
lar to the field direction. 

Finally, it is also assumed that an electron can spin on its axis like a top, 
either clockwise or counterclockwise. The fourth quantum number m* 
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describes the direction of this spin- (See Fig. 1-12.) When it is. spinning in 
this way, the electron behaves like a tiny magnet, and its spin:axis aligns it¬ 
self with the direction of any external magnetic field. Accordingly, the mag- 


H (magnetic field) 
▲ direction 


clockwise spin 


counterclockwise spin 


netic spin quantum numberm* may have only two values, either for 
counterclockwise spin (the magnetic fields are parallel), or — 54 'for clock¬ 
wise spin (the magneticfields are opposite or anti parallel), 


Using the Quantum Numbers 

Remembering Pauli's exclusion principle —.that no two electrons can have the 
same orbit or the same set oi quantum numbers —we are now in a position to 
construct atoms in an orderly sequence. We have already met the atom of the 
simplest element, Hydrogen ( H'). which consists of a proton in the nucleus 
and a single electron in the K-shell (n 1). Since the electron is in the 
lowest or ground energy level, where xi ~ 1, quantum number / must be zero 
(one less than n) and m ( , is also zero. The electron spin, m* may be either 4-34 
or — l /z. The atom of the next element, Helium (sHe‘ t ). : has both its electrons 
in the K-shell (n — 1), one spinning clockwise (no — f34) and the other 
spinning eounter-clockwise (m-> ^ -34 as shown in Fig. 1-13. Both quan¬ 

tum numbers / and ini are zero; The nucleus of the helium atom contains 
two protons to balance the electron charge and two neutrons to make up an 
atomic mass of 4. The nucleus of the helium atom, which is particularly 
stable, is also known as an alpha particle. Since we have used up all available 
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quantum numbers for the K-shell, no more than two electrons can be placed 
in this shell and it is now filled or closed. A closed shell makes tor a very 
stable electron configuration. This is confirmed by the fact that helium is an 
inert gas that forms no chemical compounds. Ail the noble (inert) gases— 
helium, neon, argon, krypton, xenon, and radon—are characterized by filled 
outer electron shells. 

Let us look at the third element in the periodic table, Lithium ( Li*), The 
nucleus of this alkali metal consists of four neutrons and three protons. To 
balance the positive charge, three electrons must be placed in orbits around 
the nucleus. Two of these can be placed in the K-shell (n =1), but the third 
electron must be placed in a new shell, the L-shell (n = 2). as shown in Fig. 
1-14.. This single electron may be detached easily, resulting in a n ionized 
atom, or it may combine with another, atom that lacks one electron in its outer 
shell, thus forming a compound. You will recall from elementary chemistry 
that lithium has a valence of 4-1, which makes it chemically very active. The 
reason for this is the extra electron in the outer or valence shell: thus, we 
may expect the other alkali metals, all of which have only one electron in 
their outer shell, to have a valence of -f 1 and be very active (that is, form 
many chemical compounds). It is, for instance, true for sodium, which we 
discussed earlier, and for potassium, rubidium and cesium. 
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To ascertain the electron structure for the next few elements m the, periodic 
table, we have to determine the maximum number of electrons that can be 
placed in the L-shell (n — 2). Remembering that each electron must have a 
set of different quantum numbers, we proceed as follows: For n =l^and / =0, 
the magnetic quantum number m ( must also be zero. The magnetic spin 
quantum number, m*, however, may be either -$-*/£■& —'Vz- This permits two 
electrons in this / — 0 orbit. Hence, we can place another electron, with oppo¬ 
site spin, in the n 2. / — 0 orbit of the Lithium atom, obtaining the electron 
structure of the Beryllium atom ((Be 0 )- Beryllium has four protons and five 
neutrons in its nucleus, thus balancing the electronic charge and making up a 
total atomic mass of 9. 


valence / 
electron' / 


In addition to the n — i ~0 orbit, the L-shell may also have a circular Bohr 
orbit, for which n — 2 and 1— t. In cases where i = 1, the magnetic quantum 
number mi may be -f-1, 0 and -1 for variously inclined orbits. Moreover, the 
spin quantum number (in*) for each of these orbits may be either -ffspr— 
thus permitting two electrons to be placed in each of three orbits. This allows 
placement of sis additional electrons in the i = 1 orbits of the L-shell (that 
is, two for m ( = -pi, m*.= drV 2 ; two for m* = 0, m B = and two for 

m/ = —1, m, ±y 2 .) The L-shell, therefore, is filled with a total of eight 
electrons, two in the / = 0 orbit and six in the 1=1 orbits. This checks with 
the arbitrary rule stated earlier. > 

Filling the L-shell with the additional permitted electrons we obtain the 
entire second period of the chemical table of the elements, consisting (in 
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addition to Lithium and Beryllium) of Boron (=B n ). Carbon («C 12 ), Ni¬ 
trogen ON' 4 ), Oxygen, Fluorine (-F ie ),and Neon 0"Ne ao ), The atom 

of fluorine (Pig- 1-iS) is especially interesting, since it lacks only one elec¬ 
tron to complete its outer shell. (In the chemist's language, its valence 
—I.) The fluorine atom will do almost anything to capture this missing elec* 
and hence it forms compounds with virtually all the elements. In 


tron 

contrast, the neon atom, (.*Ne-°) has a completed L-shell and is satisfied to 
remain a noble (inert) gas, forming no compounds with any element. 


nucleus 


Fig. 1-15 

We could go on building up the atoms of the periodic table of the elements, 
but as you can see from the Illustrations of the copper atom shown, in Pig. 
1-16, this gets to be a pretty complicated process. Adding up the various 
combinations of the four quantum numbers, we can easily confirm that the 
M-shell can hold a maximum of 32 electrons, using the same reasoning that 
we employed for the L-shell. However, even the few examples we have given 
should suffice to reveal the harmoniously ordered structure of the atoms of 
all elements. 


"Atomic" Energy? 

All the energy we use on earth derives from the atom, be it chemical, elec¬ 
trical or nuclear energy. When we drive an electric current through the 
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filament of a lamp or let it operate an electric motor, we make use of the work 
performed by free electrons, wandering from atom to atom within a conduc¬ 
tor. Similarly, when we burn a substance or perform some other chemical 
reaction, we rearrange the atoms of the original substance to form new mole¬ 
cules and chemical compounds, obtaining considerable energy in the process. 
This rearrangement of atoms, however, involves only the electron structure 
(specifically,, the electrons in the outer or valence shell) and leaves the 
nuclei of the atoms entirely unchanged. The chemical or electrical energy 
obtained in this way is meager compared to the tremendous energies 
liberated when we tap the forces that hold the nucleus of the atom 
together. We shall explore the origin of nuclear energy in the next chapter. 















NUCLEAR FISSION AND THE CHAIN REACTION 


The Nucleus 

The nucleus is the inner sanctum o£ the atom. It remains unchanged and 
untouched throughout all the physical and chemical transformations of 
atoms, that have supplied mankind with energy until our time. Yet, para* 
doxically, all our energy is derived from the sun, which itself is strictly a 
nuclear power plant. The sun irradiates the earth each day with an incredible 
amount of energy (Fig. 2-1), While we are able to extract this indirect solar 


energy, stored quite inefficiently in fossilized plant fuels, we have not yet 
been successful in making large-scale direct use of the sun's astounding 
energy supply. This, too, will be accomplished; some day, but in the mean¬ 
time we Way rest content with the Promethean feat of having brought the 
sun’s nuclear fire down to earth. Though as yet untamed, in the form of the 
hydrogen fusion bomb, in time we shall surely learn to control the fusion 
reaction, which is most akin to the sun’s own nuclear transformations and 
promises literally unlimited amounts of power. 
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In this chapter we shall be concerned primarily with another nuclear reac¬ 
tion, that of uranium fission which exploded upon the consciousness of man¬ 
kind in the last days of World War II. To understand the fission or breaking 
up of an uranium nucleus, we must first learn something about the forces that 
hold the nucleus of an atom together. 

Nuclear Forces 

What holds the nucleus together? It cannot be electrical attraction, since 
neutrons have no charge and the protons—having like positive charges— 
repel rather than attract each other. It cannot be gravitation, since the 
gravitational attraction between the tiny nuclear particles (called nucleons ) 
is far too slight to account for the actual forces and energies encountered. Yet 
a powerful attractive force must exist, or the nuclei of all atoms would fly 
apart because of electrical repulsion. We have to postulate, therefore, the 
existence of an entirely new attractive force, operating only within the 
extremely small dimensions of the nucleus and, moreover, considerably 
stronger than the electrical repulsion between the protons. 

In 1935, the Japanese physicist Yukawa made exactly that assumption in his 
trail-blazing “meson” theory. He postulated the existence of powerful, short- 
range nuclear forces and related them to a new kind of short-lived, nuclear 
particle, called meson. Mesons are presumed to be transitory elementary 
particles with masses intermediate between those of the electron and of the 
proton ( meson is Greek for “intermediate.”) It is these mysterious par¬ 
ticles that cement the nuclei together. Different types of mesons have been 
detected since then and some have actually been created in powerful particle 
accelerators. 

The short-range nuclear force binds all nuclear particles (nucleons) equally 
to each other, like droplets in a drop of liquid, regardless of whether they 
are protons or neutrons. The lighter nuclei (elements of low mass number) 
are best balanced and most stable when the number of protons and neutrons 
in the nucleus is about the same. By reviewing the structure of the stable, 
light elements discussed in Chap. 1 you can confirm that this is actually so. 
The helium nucleus, or alpha particle, is particularly stable because of the 
exact balance of the two neutrons and two protons. The hydrogen nucleus 
consisting of a single proton has a tendency to combine or fuse with other 
protons and neutrons to form the more stable helium nucleus, giving off con¬ 
siderable energy in the process. This is the basis of the sun’s hydrogen fusion 
reaction, which takes place at tremendously high temperatures. 

The nuclei of the heavier elements (above Z = 20) require a greater number 
of neutrons than protons to attain relative stability. This is necessary to 
enable the attractive forces between all the nucleons to overcome the rapidly 
rising repulsive force between the protons. The neutron-proton ratio reaches 
about 3 : 2 for one type of the element uranium, mU 238 , with 143 neutrons and 
92 protons. Despite this large neutron-proton ratio, the repulsion between the 
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protons in this type ( isotope ) of uranium is so strong that the nucleus 
becomes highly unstable when just one more particle of any kind is added to 
the nucleus from the outside. The U 8 * 5 nucleus then breaks into two approx¬ 
imately equal parts, with the release of an immense amount of energy. This 
is the basis of the famous uranium fission reaction. 


Radioactivity 

Another heavy element, radium (->Ra'-'-“) was found to be naturally radio¬ 
active over 50 years ago by Marie and Pierre Curie. They discovered that the 
nucleus of the radium atom disintegrates spontaneously, giving off three 
different types of radiation in the process. Since the exact nature of these 
radiations was not known at the time, they were simply called alpha rays, 
beta rays, ’and' gamma rays. The emanations may be sorted out by placing a hit 
of radium or other radioactive substance inside a groove cut into a lead block: 
and applying a strong magnetic field perpendicularly to the line of radiation 
(Fig. 2-2). When applied in the direction shown in the illustration, the mag- 
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Radium Source 


netic field has the effect of deflecting positively charged particles to the left, 
negatively charged particles to the right, but does not affect uncharged 
radiation. It then turns out that the alpha rays or particles are deflected to the 
left, the beta rays are deflected to the right , and the gamma rays are not 
deflected. Further investigation reveals that the alpha particles at e positively 
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charged helium nuclei (ionized! helium atoms), the beta rays are ordinary, 
negative electrons, while the gamma rays are electromagnetic waves, similar 
to X-rays, but shorter in wavelength. 

The emission of alpha particles and electrons from the radium nucleus 
requires some explanation, especially since electrons are not presumed to 
exist inside the nucleus. We have mentioned that alpha particles are partic¬ 
ularly stable and it is thus natural to assume that protons and neutrons inside 
the nucleus get together to form these stable units. The nuclei of radium 
and other heavy elements (uranium, thorium, etc ) may thus be visualized as 
a closely bound group of protons, neutrons and alpha particles; pushing each 
other around incessantly in the tight accommodations of less than a trilJionth 
of an inch (10 '-'cm). The alpha particle picks up energy by these contin¬ 
uous collisions with other particles, and eventually, after an astronomical 
number of collisions, it may manage to escape. Whether or not it actually 
does depends on the outcome of a tug-of-war of two forces—one is the 
short-range nuclear force of attraction that tends to keep the particle inside 
the nucleus, the other is the electrostatic repulsion between the alpha particle 
(charge — 4-2) and the rest of the positive particles in the nucleus (protons 
and any other alpha particles), 

The relation of the two forces acting upon the alpha particle can be visual¬ 
ised by means of a potential-energy diagram dike that of Fig. 2-3. As long as 
the particle is inside the nucleus the nuclear force of attraction prevails; 
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once the particle is outside the nucleus, only the force of electrostatic repul ¬ 
sion acts, and the particle may simply “slide down the potential hill,” Before 
it can do sc, however, it must surmount the potential barrier, which is 
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measured in millions of electron volts 0 electron volt is the energy an 
electron acquires when it is accelerated by an electric, potential of 1 volt). 
Since the energy of the alpha particle inside the nucleus is normally close to 
the bottom of the “well”, there is little or no chance that it ever will acquire 
sufficient energy to “go over the top," 

The amazing thing is that when the energies of the alpha particles that do get 
out of the nucleus are measured, they are found to be millions of electron 
volts (Mev) smaller than the height of the potential barrier : by rights, no 
particle should ever get out, each being trapped forever within the potential 
well. Classical physics cannot explain this contradiction. By taking into 
account the wave nature of the alpha particle, however, wave mechanics 

once 


demonstrates that there is a tiny but nevertheless real probability that 
in a great while an alpha panicle may simply “leak" or "tunnel through" the 
potential barrier, liloreoVer, the number ,of particles predicted to leak 
through in a certain time Is in agreement with experimental results. 


Wheel About Electrons in the Nucleus? 

We still haven't resolved a second paradox —how electrons (beta rays) can 
be emitted from the nucleus when there are no electrons in the nucleus, This 
stumped physicists for quite a while, until they made the simple assumption 
that neutrons in the nucleus may transform themselves into protons by 
throwing-out an electron (a beta particle). In the physicist’s shorthand, this 
transformation is noted: 

r ~ie" f neutrino 

Note that the atomic number (subscript) and mass number (superscript) on 
both sides of the equation balance. Because the nucleus of a hydrogen atom 
is a proton, the symbol for a proton, «HMs that of a hydrogen nucleus. 


neutrino 


electron 


proton 
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Accompanying each beta particle emitted by the nucleus is another particle, 
called the neutrino, which carries most of the energy in the reaction, but has 
a small mass and no charge. (Because of this, it was not discovered until 
recently.) 

What are Gamma Rays? 

In the last chapter we saw that light and other electromagnetic radiations 
are emitted due to changes in the energy levels of electrons (electron jumps) 
in excited atoms. Similarly, gamma rays (X-rays of very short wavelengths) 
are emitted because of energy changes within the nucleus. When an alpha 
particle is emitted from a heavy nucleus, the nucleus is frequently left in an 
excited energy state. The nucleus then returns to its normal condition by 
releasing the excess energy in the form of electromagnetic radiation—gamma 
rays. 

How Many Half-Lives Make a Life? 

Since the emission of alpha and beta particles from radium and other radio¬ 
active elements results in a loss of mass and a change in charge of the 
nucleus, it is evident that new elements are formed in the process. If these 
new elements are again radioactive, they will disintegrate into still other 
daughter elements. Radium, for example, is fouhd to be a member of a radio¬ 
active series or family, whose original parent is ordinary uranium (»«U 238 ). 
Uranium disintegrates—by alpha emission—into the daughter element thor¬ 
ium (»»Th 234 ), which in turn transforms itself (by beta emission) into 
protactinium (»iPa 234 ), and so on. Some other members in the uranium series 
are radium, radon, polonium, bismuth, thallium, and lead. Lead is stable and, 
hence, the series ends with it. 

From the way we rattled off the series, you might get the idea that uranium 
changes to lead almost at once. Actually, it takes billions of years for the 
whole series to complete itself, and the rate varies from element to element. 
The rate at which a radioactive element decays, known as its activity, is 
proportional to the total number of radioactive atoms present at any time. As 
more and more nuclei disintegrate and fewer are left, the decay rate 
decreases slowly in a logarithmic manner (Fig. 2-5). Under these conditions 
it would take an infinitely long time for all the atoms originally present to 
disintegrate. For this reason, the decay time or period is more convenientlj 
specified by the half-life of the element. The half-life of a radioactive ele¬ 
ment is the time required for half of the original nuclei to disintegrate, so 
that only one-half (50%) of the original activity remains. If the half-life of a 
radioactive material is ten hours, for example, only one-half of the material 
will be present after ten hours and the original activity will have declined 
to 50% of its earlier value. After another half-life of ten hours, only one-half 
of the remaining material, or one-quarter of the original material survives, 
and the radioactivity will have declined to 25%. After another ten-hour half- 
life, only one-eighth of the original material remains, and activity is 12.5%. 
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The half-lives of the uranium series of elements we have mentioned vary 
widely, depending on the activity of each element. Thus, it has been found 
that it takes about 4.5 billion years for half of the relatively inactive uranium 
to disintegrate into thorium, while half of the thorium thus formed disinte¬ 
grates into protactinium in only 24 days. Half of radium decays into radon in 
1600 years, half of radon into polonium in about four days. The half-life of 
polonium is only about three minutes. The half-life of a radioactive element 
is, of course, a good indication how long the material will emit dangerous 
radiation. 

Nuclear Fission 

The story of nuclear fission is a dramatic demonstration that great advances 
in technology are usually the byproduct of basic research. It begins in 1934, 
Enrico Fermi, then a professor of Physics in Italy, bombarded uranium with 
neutrons from a radium-beryllium source, in the search for elements of 
atomic number greater than 92. When he and his associates observed several 
beta-ray activities with half-lives other than those of the uranium series, they 
concluded that element 93 had been created. Other scientists soon joined in 
the international hunt for transuranic elements, particularly Irene Curie 
and Savitch in France, and Hahn, Strassman and Meitner in Germany. They 
bombarded various heavy elements with neutrons, observed many different 
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beta-ray activities, made careful chemical and physical tests, and generally 
ascribed the results to radioactivity in elements with atomic numbers 93 
to 97. 

It was not until 1939 when the “awful truth” dawned upon these scientists. 
In that year Hahn and Strassman discovered that one of the radioactive 
elements formed by the bombardment of uranium was of atomic number 56, 
the element barium. They suspected that uranium under the influence of the 
neutron bombardment was breaking up into two nuclei of lower atomic 
masses, rather than forming transuranic elements. If one of the nuclear frag¬ 
ments was barium (Z = 56), the other had to be krypton (Z = 36) to make up 
the atomic number of uranium (Z = 92). The German scientists Meitner and 
Frisch soon showed that nuclear fission of uranium into two elements of low¬ 
er atomic number was actually taking place and that the observed beta-ray 
activity was caused by the fission fragments. Moreover, calculations showed 
that the fission of uranium nuclei was accompanied by the release of large 
amounts of energy, in the order of about 200 million electron volts (200 Mev) 
per fission. 

Word of the new process was brought to the United States by the Danish 
physicist Niels Bohr, and the experiments were quickly repeated and con¬ 
firmed by Dunning, Nier, and other American scientists. They further 
observed that the fission of each uranium nucleus resulted in the emission of 
two or three free neutrons, which might cause additional fissions. With the 
realization that a self-sustaining chain reaction was theoretically possible 
and would result in the release of fantastic power, the stage was set for a new 
era of mankind. The feverish wartime race that resulted in the construction, 
of the first self-sustaining nuclear reactor in Chicago in 1942, and the explo¬ 
sion of the atom bomb in 1945, is a part of history. 

The Mechanics of Fission 

Fission is very much like the splitting of a drop of water by pricking it. We 
have mentioned that the particles in the nucleus of the atom stick together 
as the droplets (or molecules) in a drop of liquid. The attraction of the par¬ 
ticles, both in the nucleus and in a drop of water, results in a spherical shape 
that resists deformation. However, if insufficient energy is supplied, both 
the drop of water and the nucleus split into two parts. 

As shown in Fig. 2-6A the undisturbed uranium nucleus is spherical in shape 
and has an even distribution of positive charge (protons). The forces of 
repulsion due to this positive charge are in a delicate balance with the short- 
range nuclear forces of attraction. 

In (B) a small amount of energy has been added by a neutron that has pene¬ 
trated the uranium nucleus. This excess energy excites the nucleus; it starts 
to oscillate and becomes slightly deformed. As a result, the protons distrib¬ 
ute themselves unevenly and their mutual repulsion leads to a concentration 
of charge at the ends. This usually causes still more violent oscillations and 
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When A Neutron Penetrates A Uranium Nucleus 
It Causes Deformation That Results In Fi5start 
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LIQUID-DROP MODEL OF FISSION PROCESS 


the formation of a constriction between the halves, as in (C). Once a stric¬ 
ture is formed, the repulsive forces win out over the short-range attraction, 
and the nucleus tears itself into two parts (B). The fission fragments then 
areviolently repelled in opposite directions, at high velocity and with result¬ 
ing high kinetic energy. The whole process takes less than a trillianth of a 
second (10- 12 sec). 

Isotopes and Their Separation 

Accurate observations have shown that uranium fission, when the element is 
bombarded with slowly moving neutrons, is not carried on by the ordinary 
variety with 146 neutrons (.sU 2 **), but by a much rarer type, or isotope , of 
aranium with only 143 neutrons (*#l Isotopes are elements whose atoms 
have slightly different masses though all .carry the same charge and hence are 
chemically identical. In other words, the nuclei of isotopes have the same 
number oi protons (atomic number Z) but different number of neutrons 
giving a different mass number (A). 

Although we have assumed that the atomic mass of the elements is always a 
whole number (the sum of protons and neutrons), the experimentally deter¬ 
mined masses of most elements are actually a fraction. This does not mean 


Go gle 


25 



Generated on 2020-O5-01 09:23 GMT / https://hdl.handle.net/2027/mdp.39015003443820 

Public Domain, Google-digitized / http://www.hathitrust. 0 rg/access_use#pd-g 00 gle 


NUCLEAR ENERGY AND POWER REACTORS 


that there are fractions of protons or neutrons in the nucleus, but rather that 
most elements are mixtures of isotopes and that the weighted average of the 
various isotopes turns out to be a fraction. For example, the element lithium 
occurs in nature in two isotopic forms, most of it (92.5%) being the run-of- 
the-mill variety .aLi r , and a small proportion (7.5%) occurring as the isotope 
»Li 6 . Since they have the same atomic number (Z), they are chemically insep¬ 
arable, but the weighted average of the slightly different isotopic masses 
turns out to be 6.94. 

Similarly, hydrogen has an atomic mass of 1.008 rather than 1.000, indicating 
the presence of isotopes. As shown in Fig. 2-7, there are three isotopes of 
hydrogen. One is the ordinary variety with 1 electron and 1 proton ( 1 H 1 ), 
which makes up 99.98% of all hydrogen; the second—with 1 proton and 1 
neutron—is “heavy” hydrogen or deuterium ( 1 H 2 ), which occurs to the extent 
of about 1 part in 5000 (0.02%); finally, there is a man-made isotope of hydro¬ 
gen, tritium, with 1 proton and 2 neutrons in the nucleus ( 1 H 3 ). Both heavy 
isotopes are important in nuclear engineering. Deuterium ( 1 H 2 ) is part of 
heavy water used as “moderator” and coolant in some nuclear reactors, while 
tritium ( 1 H 3 ) is presumed to play an important role in the hydrogen bomb. 


HYDROGEN HAS THREE ISOTOPES 


Ordinary Hydrogen ....Heavy Hydrogen (Denterim) ...aid Tritium 



Fig. 2-7. 



Since isotopes are chemically identical, their separation is an extremely diffi¬ 
cult process. One successful method, known as gaseous diffusion, is based on 
the slightly different rates with which gaseous forms of isotopes travel 
through porous membranes. The isotope of uranium, »U 235 , that is important 
in fission caused by slow-moving ( thermal ) neutrons, occurs in natural 
uranium only to the extent of 1 part in 140 (0.71%). To separate U-235 
from the abundant U-238, which cannot sustain a chain reaction, uran¬ 
ium hexafluoride gas containing both isotopes, is allowed to diffuse through 
thousands of consecutive (cascaded) stages of porous barriers at a mile-long 
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gaseous diffusion plant in Oak Ridge, Tennessee; and similar plants at; 
Paducah. Kentucky, and Portsmouth, Ohio. (See Fig, 2-8). One stream of 
gas becomes slowly enriched in the lighter U-235 component Until a sufficient 
degree of purity is achieved for atom bomb production and nuclear reactor 
fuels; (A second stream of gas is correspondingly enriched in the heavier 
U-238.) 


U-235 Fission Reaction 


The reason for going to the tremendous trouble of separating the U-238 from 
U-235 is that only the latter (mU®) is fissionable by slow-moving neutrons, 
a process easily controlled in a nuclear reactor. U-235 is also fissionable by 
fast neutrons, a characteristic that is used in the uncontrollably vio¬ 
lent chain reaction of the atom bomb. The more abundant isotope of uran¬ 
ium U-238 is occasionally also fissionable by fast moving neutrons (of more 
than 1 Mev energy), but more often than not it simply captures the colliding 
neutron and disintegrates radioactively into a new element, as we shall 
see later. 


that of U-235, when bombarded with slowly moving neutrons (Fig. 2-9). The 
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In less technical terms this means that a slowly moving neutron is momen¬ 
tarily absorbed by U-235, forming the compound nucleus »jU 238 , which imme¬ 
diately breaks into two fragments. The fission is also accompanied by the 
emission of 2.5 fast neutrons (on the average),beta particles, gamma rays, and 
neutrons, releasing a great deal of energy. The fractional number of 
neutrons is a weighted average, signifying that about half of the fissioned 
nuclei expel two neutrons, and the other half expel three neutrons. 

Fission Fragments and their Products 

Any number of combinations of fission fragments is possible, as long as the 
total mass of fragments and neutrons adds up to 236, the atomic mass of the 
U-236 compound nucleus. The fragments are unequal, one usually being a 
heavy element with a mass number around 140, the other being a light ele¬ 
ment with a mass of about 94. The fragments of a typical U-235 fission, for 
example, may be an isotope of strontium (*«Sr M ),an isotope of xenon («<Xe 11# ) 
and two fast neutrons ^on 1 ). You can verify that the atomic mass of these 
fission products adds up to 236 and their atomic number to 92, as required for 
the U-236 compound nucleus (t*U 236 ). These isotopes of strontium and 
xenon, however, have far more neutrons in their nucleus than the heaviest 
known stable isotopes of the elements, »»Sr 88 and «Xe 136 , respectively. They 
are, therefore, highly radioactive and disintegrate further through a whole 
chain of fission products, giving off gammas, betas (electrons) and neutrons 
in the process. The small fraction of neutrons that are emitted during radio¬ 
active decay, several seconds after fission, are known as delayed neutrons. 
Most of the neutrons (about 99%), however, are expelled within a trillionth 
of a second (10~ 12 sec) upon fission, and are called prompt neutrons. 

The process of radioactive decay stops when stable isotopes have been 
formed, the end products in our example being zirconium («Zr 94 ) and cerium 
(»«Ce 140 ). Since there are many other possible combinations of fission frag¬ 
ments and radioactive decay chains, you can imagine that the total number of 
products due to multiple fissions is emmense,possibly exceeding 250 isotopes. 

Fission Fuels 

We have mentioned that U-238 can be fissioned by bombardment with fast 
neutrons, but that it captures slow neutrons and transforms itself into two 
new transuranic elements—delayed payoff to the frantic search for trans- 
uranic elements back in 1934. The two new elements formed are neptunium 
(»»Np 239 ), and plutonium (»*Pu 239 ), elements 93 and 94 respectively. The set 
of reactions involved in the process may be written 

•n 1 -+- »*U 238 »>U 239 (isotope of uranium) -f- gamma rays 

«U 239 »»Np 239 (neptunium) -f- _ie° (beta) 

23 min 

•aNp 230 n.Pu 2H9 (plutonium) -f- _ie° (beta) 

2.3 days 
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What happens in the above reactions is this: A slow neutron is captured by 
the U-238 nucleus, forming the compound nucleus »aU 239 . (A new element is 
involved, since the positive charge, Z, has been increased by 1 through the 
emission of the electron, although the atomic mass, A, is unchanged; this is 
characteristic of beta decay.) The new element neptunium is also radioac¬ 
tive, but is useless for practical purposes, since its half-life is only 2.3 days. 
One half of it decays within that time into the element plutonium, »«Pu 239 , 
again by the emission of a beta particle. (See Fig. 2-10.) 




TRANSMUTATION OF U-238 INTO PLUTONIUM ( 9d Pu 239 ) 


(electron) (electron) 



..23$ ..a -1 l 23 "*") as 239 i-a . < 2 ' 3 day#l fy 239 

Ne«trts+„U —**% 2 U +Gs»im Ray*——+Eleetron -+EI«etros 

The set of reactions just described occurs in all nuclear chain reactors which 
use natural uranium (99.29% U-238 and 0.71% U-235) as a fuel. Two examples 
of these are the 1943 Hanford reactor at the Columbia river in Washington, 
and the Brookhaven National Laboratory reactor in Long Island, N. Y. The 
new element plutonium is readily fissionable by both slow and fast neutrons, 
which makes it important for use in the atom bomb as well as in reactor tech¬ 
nology. In addition, plutonium is a unique element (not an uranium isotope) 
and is easily separated by chemical means from other reactor products. 

Another fertile material that can be converted into a fissionable fuel is thor¬ 
ium (»oTh 232 ). The thorium process is used in some breeder reactors (reac¬ 
tors that produce more fissionable fuel than they consume) and may also 
become important if we should run short of uranium. The reactions, which 
are similar to those of the U-238-plutonium conversion are: 

n 1 -f »oTh 232 —»«Th 233 (isotope of thorium) + gammas 

•<>Th 233 «Pa 233 (protactinium isotope) -J- —ie° (beta) 

23 min 

»iPa 233 »«U 233 (uranium isotope) -f- —ie° (beta) 

27 days 
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The new isotope of uranium, U-233, is also readily fissionable by both fast 
and slow neutrons. Thus we end up with at least three substances in our 
arsenal of fissionable fuels: U-235, U-233, and plutonium. 


Energy from Fission 


The payoff of nuclear fission, in addition to the production of useful radio¬ 
isotopes, is its total energy output. This is truly astonishing and eclipses by 
far the energy yield of all chemical fuels. 

But where does all this energy come from? It comes from the breakup of 
the U-235 nuclei, of course, and more specifically it originates from the 
conversion of a tiny amount of mass into energy. When the total mass of the 
fission fragments in a single.fission is compared with that of the U-236 com¬ 
pound nucleus, it turns out that about 0.215 atomic mass unit (amu) is 
missing and not accounted for (1 atomic mass unit is defined as, 1/16 of the 
mass of the oxygen atom, «0 16 ). This mass defect is less than one-fifth of the 
mass of a neutron or less than 1/10% of the mass of the original U-235 
nucleus and, hence, may appear to be trifling. Yet, it appears from the famous 
mass-energy equivalence relation, E=mc 2 , (formulated by Einstein in 1905) 
that a small amount of mass is the equivalent of a very large amount of 
energy. Einstein derived the formula from his relativity theory and could 
hardly have imagined, or ever intended, that spme day actual mass-energy 
transformations would be accomplished in correspondence with the formula 
and on the gigantic scale of atom and hydrogen bombs. 

The equation E=mc 2 asserts that the energy equivalent of a material object 
is equal to its mass (m) multiplied by the square of the speed of light (c). 
(The speed of light is thirty billion centimeters per second, or 3X 
10 10 cm/sec.) Let us see what this amounts to for 1 gram (1/28 ounce) of any 
material, be it uranium, coal, sugar, or anything. Substituting in the formula, 

E = me 2 = 1 gm X (3X 10 10 cm/sec) 2 = 9 X 10 20 ergs = 9 X 10 13 joules. 

Now 1 joule = 1 watt-second =1/ (3.6 X JO 6 ) kilowatt-hour 


Converting joules to kw-hrs: 9 X 10 13 joules 

3.6 X 10 6 


= 2.5 X JO 7 kw-hrs. 


Thus one gram of anything converted into energy equals 25,000,000 kilowatt 
hours of energy. 


Now we said before that the mass defect in U-235 fission is about 0.215 amu 
which is approximately 0.215/235=0.00091 or 0.091% of the mass of the orig¬ 
inal U-235 atom (i.e., slightly less than 1/10% of the U-235 mass.) Hence, 
“burning up” a nuclear fuel of 1 gram of U-235 will result in the conversion 
of 0.00091 gm into energy. In kw-hrs, this is equal to: 

0.0091 gm X 25,000,000 kw-hrs/gm=22, 600 kilowatt hours of energy. 
One pound (454 grams) of U-235 fuel produces 454X22,600 - approximately 
lOflOOflOO (ten million) kilowatt hours of energy (Fig. 2-11). Assuming a 
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standard electrical power cost o£ about y z cent per kw-hr, the energy value 
of U-235 is $50,000 per pound. Despite these favorable figures, however, it 
has been found that the cost of building and maintaining a nuclear power 
plant in the United States is so high that the cost per kw-hr cannot as yet 
compete with that of coal and other conventional fuels. 

The energy of nuclear particles is usually expressed in millions of electron 
volts (Mev). By substituting in the formula E == me 2 it is easily shown that 
the energy equivalent of 1 atomic mass unit is approximately 931 Mev. 
Hence, the mass defect of 0.215 amu during the fission of U-235 pro¬ 
duces about 0^215 X 531, or 200 Mev of energy per fission, a figure that we 
gave earlier. 


Binding Energy 

It is, of interest to note that a mass defect occurs not only in the fission of 
U-23S, but is present in the nuclei of all stable atoms. If, for example, we 
compare the mass of the helium nucleus with the combined mass of the two 
protons and two neutrons that make it up v we find that the helium nucleus is 
actually lighter than the sum of its parts, the mass defect being about 
0.03033 amu. This equivalent to 0,03033 /< ’931, or about 28 Mev of energy. 
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which because of their greater binding energies—are more stable. Energy 
transformations always proceed in the direction of greatest stability. 

Nuclear Chain Reaction 

Since each nuclear fission produces from two to three neutrons capable of 
fissioning other uranium atoms, a wild-fire chain reaction is possible. To 
make the reaction self-sustaining it is really only necessary that at least one 
of the neutrons released by fission produces another fission; that is, the ratio 
of “daughter” neutrons produced by fission to the “parent” neutrons origin¬ 
ally present, called the multiplication factor (k), must be at least 1 . (Actu¬ 
ally, it must be somewhat greater than 1 to compensate for neutron losses.) 
The value of the multiplication factor, k (which depends on the balance 
between the relative production and loss of neutrons) determines whether or 
not a chain reaction takes place and what kind it will be. If k is less than 1, 
a chain reaction cannot take place. If k equals 1, a chain reaction will pro¬ 
ceed with constant neutron flux, as in a controlled nuclear chain reactor. 
Finally, if k is greater than 1 (by more than the amount necessary to make 
up for losses) the neutron flux constantly increases with time and an uncon¬ 
trolled, violent chain reaction takes place, as in the atom bomb. 

Nuclear Fuels 

The value of k, and hence the type of chain reaction, depends among other 
things on the nuclear fuel used in the reaction. We have seen that U-238 is 
occasionally fissioned by fast neutrons, while U-235, U-233 and plutonium- 
239 are fissionable by both slow and fast neutrons. We can immediately elim¬ 
inate pure U-238 as a nuclear fuel, because the average U-238 fission neutrons 
are too slow to fission other U-238 atoms and, hence, a chain reaction cannot 
take place. Moreover, U-238 does not fission easily, but either scatters or 
captures most of the neutrons colliding with it. The other three fuels, 
U-235, U-233 and Pu-239, are equally useful for either slow or fast neutron 
chain reactions. 

Uncontrolled (Fast) Chain Reaction 

Consider first the type of chain reaction that takes place, for example, in 
substantially pure U-235, the fissionable fuel most generally available. A 
single neutron colliding with a U-235 nucleus will fission it, giving rise to 
two or three fast neutrons in the process. In the absence of any other material 
and assuming that all released neutrons eventually find other U-235 targets, 
two to three additional U-235 atoms will be split, and from 4 to 9 additional 
neutrons will be released in this “third generation” alone. (As example, 7 
neutrons are shown in Fig. 2-12.) Theoretically, if all of the neutrons 
released per fission go on to split other U-235 atoms, the multiplication fac¬ 
tor (k) is 2.5, and the chain reaction multiplies at a geometric progression 
with a ratio of 2.5. The average number of neutrons in such a progression 
spreads like this: 
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In a FAST FISSION REACTION each neutron that splits a U 235 nucleus frees 
two to three additional neutrons, which in turn split more U-235 nuclei An 
astronomical number of atoms are fissioned in less than a billionth of a second 



1, 2.5, 6.25, 15.6, 39, 97.7, 244, 610, 1526, 3815, 9537, etc. 

In other words, the tenth generation would number 3815 fissioned U-235 
atoms that would send out 9537 additional neutrons to produce further fis¬ 
sions. Since each of these would start a new series, the twentieth generation 
would number approximately 36,000,000 fissioned atoms and, say, the sixtieth 
generation would number approximately a trillion trillion fissioned atoms 
(more exactly 0.752 X 10 24 atoms), which is equal to about 10 ounces of 
U-235. Yet, since each generation of fissions takes only about a trillionth 
(10~ 12 ) of a second, the explosion of sixty generations or 10 ounces of U-235 
take place in sixty trillionths (60 X 10 -12 ) of a second accompanied, of 
course, by the release of a fantastic amount of energy. 

Critical Mass 

The assumptions on which we based our portrayal of the fast fission, reaction 
are not quite correct, however. First of all, the U-235 is never 100% pure in 
practice. Atoms of U-238 and other elements, which absorb or scatter some 
of the fission neutrons, are always present. Other neutrons may never find a 
U-235 target nucleus, or their energies may be so low that they are either cap¬ 
tured or scattered by the atoms. Finally, and most important, quite a few 
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NUCLEAR FISSION AND THE CHAIN REACTION 


neutrons near the surface of the fissionable material, simply leak out or 
escape without ever fissioning any U-235 atoms. All these factors decrease 
the actual multiplication factor to a figure considerably lower than the theo¬ 
retical value of 2.5 assumed in our example. 

The escape of neutrons from the surface of th e fissioning mass is propor¬ 
tional to the total surface area. The number of neutrons produced, on the 
other hand, is proportional to the number of fissionable atoms, or equiva¬ 
lently, to the total volume of the fissionable mass. To reduce the loss of 
neutrons to a minimum, therefore, we must use a geometrical configuration 
that provides minimum surface for a given volume or mass of material. As 
you may know from soap-bubble blowing days, soap bubbles always try to 
attain minimum area by forming themselves into spherical shape. The 
sphere, therefore, answers our requirements of maximum volume for mini¬ 
mum surface, although other shapes are sometimes used for practical reasons. 

Assume, for example, that we start with a small sphere of U-235, about the 
size of the pea. This small mass will produce relatively few fission neutrons 
and most of these will escape from the surface, because the mean free path 
between fission collisions is larger than the diameter of the sphere. As we 
increase the size and mass of the U-235 sphere, its surface goes up as the 
square of the radius, but its volume goes up as the cube of the radius. As a 
result progressively more fission neutrons are produced within the volume 
of the U-235 sphere and progressively fewer neutrons leak out from the sur¬ 
face. At a certain critical radius of the sphere, the production of neutrons by 
fission is just equal to the sum of neutrons lost by escape from the surface 
and neutrons required to cause an equal number of fissions. The multiplica¬ 
tion factor then equals unity (k = 1), and the system is said to go critical, 
have critical mass or critical size. If the spherical mass is made just a little 
larger than this critical value, a self-sustaining, though uncontrolled, chain 
reaction will take place. This is not only true for the explosive chain reac¬ 
tion of pure U-235 or plutonium in the atom bomb, but there is a critical size 
(or mass) for any device containing fissionable material at which a self-sus¬ 
taining chain reaction occurs. 

The Atom Bomb 

If we were to assemble a sphere of U-235 or plutonium of slightly overcriti- 
cal mass, any stray neutron (from cosmic rays, for example) would start the 
fission chain reaction, but the “explosion” would be very inefficient. The 
heat of the fission reaction would instantly force the material apart and its 
size would become subcritical before any sizable percentage of atoms in the 
the mass would have fissioned. 

To obtain an “efficient” explosive chain reaction, it is necessary to hold 
the critical mass together long enough to split a relatively large percentage 
of the available fissionable atoms. This is achieved in the atom bomb by a 
heavy, dense material, known as the tamper. 
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As shown in Fig. 2-13, a slightly imaginative sketch of the construction of an 
atom bomb, a suhcritical, spherical mass of U-235 or plutonium is contained 
in the center of a large spherical, outer casing. The space between the fission¬ 
able mass and the outer casing is filled by wedges of conventional explosives. 
A number of electrical detonators that can be fired simultaneously are placed 
around the sphere. If this is done, an enormous pressure wave (implosion) 
travels inward and compresses the small sphere of fissionable material 
equally on all sides. As a result, the subcritical mass is compressed into a 
smaller, denser sphere that goes instantly critical. This is an interesting 
variation of the critical mass principle, inasmuch as the mass remains the 
same and the size actually decreases. What happens is that the density (mass 
per unit volume) of the fissionable material increases as it becomes squeezed 
into a smaller volume, and thus there is a greater mass of fissionable atoms 
per unit volume. Stated in a different way, the increase in density reduces 
the mean free path of the neutrons between fissions to a critical value. 
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compressed to critical 
size, it explodes. The explosion is contained for a few microseconds by the 
tamper, which helps to build up the temperature to more than 10,000,000’C 
and the pressure to enormous values. In addition to delaying the expansion 
of the bomb and thus assuring an efficient reaction, the tamper also reflects 
many neutrons back into the bomb, which further multiplies the number of 
fissions. The final result is the familiar ball of fire (Fig, 2-14) that radiates 
visible, infrared, ultraviolet, and X-rays in all directions. This is accom- 
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panied by a mechanical blast wave equal to at least 20,000 tons of TNT and 
by a lethal flash of neutron and gamma radiation, produced by radioactive 
fission products. 


Fig 2-14 Ur All AlUnllU FIKtoALL 

Slow (Moderated) Chain Reaction 

Slow-moving neutrons are more effective in fissioning atoms of U-235, plu¬ 
tonium, or natural uranium, the latter being a mixture of 99.29% U-238 and 
0.71% 0-235 isotopes. Since most nucleas chain reactors use either natural 
or U-235 enriched uranium fuel, the slow chain reaction is the type most use¬ 
ful and most easily controlled in industry. As we have seen, however, the 
neutrons produced by any type of fission, are always fast moving, having 
energies around 2 Mev, For a slow chain reaction to occur, therefore, the 
uranium must he mixed with a moderator that will slow down the fast fission 
neutrons to thermal energies. (Thermal energies are in the order of 0.025 
electron volt, corresponding to the energies of gas molecules moving at 
ordinary temperatures.) It has been found that substances of low atomic 
wtight x such as beryllium, graphite (carbon), and heavy water are most effec¬ 
tive in slowing down-or moderating the fission neutrons to thermal velocities 
through numerous elastic billiard-ball collisions. 

When a moderator is mixed with the uranium fuel, the moderator atoms will 
compete, of course, with the uranium for the supply of available neutrons. A 
number of the “daughter” neutrons in each generation will either be absorbed 
or scattered, as shown in Fig. 2-15. cutting down the multiplication factor, 
k. If the right proportions of uranium fuel and moderator are chosen, a deli¬ 
cate balance is achieved, where (after many generations) the multiplication 
factor steadies down close to unity (k — 1). This means that only one neu¬ 
tron from each fission remains, on the average, in each generation to propa¬ 
gate the chain reaction. This results in a constant neutron flux. 

Consider the life history of some typical fission neutrons produced in a 
reactor consisting of a pile of natural uranium fuel rods imbedded in a gra¬ 
phite block that serves as moderator. Some of the fission neutrons th each 
generation have sufficient energy to produce iast fissions, both in U-238 and 
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U-235 atoms, thus swelling the total number of availably neutrons by a small 
factor (about 3 %). From now on* however, the neutrons encounter nothing 
but hard luck and their fate reads like the well-known verse about the ten 
little Indians. The fast neutrons are rapidly slowed down to thermal ener¬ 
gies by collisions with moderator atoms, but before this process is completed, 
quite a few neutrons are literally captured by U*238 nuclei, which have an 
appetite (called resonance) for moderately slow neutrons of about 6 to 7 elec¬ 
tron volts energy. 
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Of the remaining neutrons that reach thermal energies, an additional toll is 
taken by absorption into atoms of the moderator, those of the cooling liquid 
and those of other “poisons'' present, as well as the more legitimate absorp¬ 
tion into uranium atoms that produce further fissions. .Moreover, -during the 
entire process, neutrons that stray too close to the surface of the reacting 
mass, simply escape and are lost to the reaction. 

It is no surprise, therefore, that of the 2.5 fast neutrons originally produced 
by each fission; little more than a solitary neutron survives to produce addi¬ 
tional fissions in each generation. Evidently, when calculating the multipli¬ 
cation factor, k, for a practical reactor all these factors must be taken into 
account. Allowance must also be made for the reduction in k due to the 
accumulation of fission products (called poisons) as the original fuel charge 
is used up. When k becomes too low, refueling becomes necessary. 

Simple Nuclear Reactor 

Let us now look for a moment at the construction of a simple nuclear ceactorr 
(Fig. 2-16), consisting of a natural uranium-graphite “pile, 1 * similar to that 
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used by the early reactors in Chicago and Hanford- As shown in the illustra¬ 
tion, the reactor is essentially a large graphite block, serving as moderator, 
into which the fissionable natural uranium rods are imbedded. A certain, 
amount of excess reactivity is built into the reactor (i.e„ k is made greater 
than 1) to assure the proper neutron flux for the desired power level, to over¬ 
come the poisoning effects of the fission products, and to compensate for the 
burnup of uranium fuel during reactor operation, To avoid dangerous radia¬ 
tion or an explosion, this .excess reactivity must be accurately controlled 
This is easily done by inserting into thereactor adjustable control rods. 
made of cadmium, or horotr, which tend to capture thermal neutrons, reducing 
the total neutron flux. By regulating the depth to which these control rods 
are inserted into the pile, it is possible to maintain a multiplication factor of 
unity (k = 1) at the desired power level. 
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Finally, the operating personnel of the reactor must be protected from the 
intense radiation produced in an operating reactor by a suitable shield, which 
may be ordinary or heavy water or a concrete encasement. If power is to be 
withdrawn from the reactor, some form of cooling must also be provided, 
either by water or by a liquid metal, such as sodium or mercury. 
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A 

3: BASIC TYPES OF NUCLEAR REACTORS 


Within the brief span of 15 years nuclear reactors have proven themselves 
an indispensable research tool throughout the world. In, perhaps, another 10 
years they will become competitive with coal, oil, and other fuels as electric 
power producers. Despite some discouragement in recent years about the 
high cost of nuclear power, the long-term outlook is favorable, especially as 
increasing experience is gained from various experimental reactors and pilot 
plants. Moreover, the next 10 to 15 years may be considered an interim period, 
during which ways maybe found to exploit directly the energy from uranium 
fission or, perhaps, even master the secret of controlled hydrogen-fusion 
reaction. 

Reactor Classification 

Nuclear chain reactors can be classified in several different ways, depending 
on the type and arrangement of fuel, moderator, and coolant used, and on the 
speed (energy) of the neutrons sustaining the fission reaction. Moderators, 
used to reduce the neutron energy, are primarily graphite, light water and 
heavy water (using the heavy isotope of hydrogen, deuterium). Active fuel 
materials may be either natural uranium, U 235 -enriched uranium, plutonium 
(Pu 239 ) or U 233 . As we have seen,the last two are high-cost artificial reactor- 
produced elements. 

The arrangement of moderator and fuel provides a further basis for classifica¬ 
tion. In a heterogeneous solid-fuel reactor the fuel is in the form of lumps 
embedded in a regular pattern ( lattice ) within the moderator. In a homo¬ 
geneous liquid-fuel reactor the fuel and moderator are intimately mixed in 
the form of a solution, alloy or chemical compound. Reactors operated above 
minute power levels must use some form of cooling to keep the temperature 
down. Light water, heavy water, liquid metals, or forced-gas cooling are 
generally used. 

Reactors are further classified by the speed or energy of the neutrons that 
cause fission. Neutrons of less than about 0.1 ev (electron volt) are called 
slow or thermal, neutrons of about 1 to 1000 ev are known as intermediate or 
resonance (because of the occurrence of resonance capture rather than 
fission), and neutrons with energies greater than about lOOOev (0.001 Mev) 
are called fast. A fast reactor does not use a moderator to slow down the 
fission neutrons. 

Finally, reactors are often classified according to their purpose. Research 
reactors are built primarily to test new designs and provide a copious source 
of neutrons and gamma rays for physical, biomedical, and industrial research, 
as well as for radioisotope manufacture. Production reactors are built to 
manufacture fissionable materials by conversion of non-fissionable ( fertile ) 
materials. Reactors capable of providing useful electrical power outputs are 
known as power reactors. Breeder reactors, capable of producing more fis¬ 
sionable fuel than they consume, may be classed either as production or 
power reactors, depending on their ultimate purpose. 
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We shall confine ourselves in the present chapter to the description of a few 
basic types of research reactors, which are the experimental forerunners of 
power-producing reactors. Since many more types of research reactors have 
been built than have ever been tested for power production, the research reac¬ 
tors present a convenient design reservoir for experimental power reactors. 
The construction of power reactors has proceeded somewhat hesitantly in 
this country, largely because of the high costs involved, and it is difficult to 
predict at this time which design will eventually prove itself most economical 
and efficient. It is of interest, therefore, to study some examples of four basic 
types of reactors, from which most power-reactor designs originate. These 
are: graphite-moderated reactors, light-water moderated reactors, heavy- 
water moderated reactors, and homogeneous fuel reactors. (The first three 
types use heterogeneous fuel.) 

Graphite-Moderated Reactors 

The heterogeneous, graphite-moderated reactor, fueled with natural uranium 
(U-238), is the Model T of the reactor industry. Graphite/natural-uranium 
reactors were the first type to be built in the United States and they are 
generally characterized by large size and high cost per unit of neutron flux. 
The core of a typical graphite-moderated reactor is a cube measuring about 
25 feet on a side, that requires some 500 tons of graphite and 100 tons of 
uranium. If operated with a heat output of about 30,000 kilowatts, such a 
reactor would produce a maximum thermal-neutron flux of about 5 X 10 12 
(five-thousand billion) neutrons per square centimeter per second. The cost 
of a graphite/natural-uranium reactor runs anywhere from 5 to 25 million 
dollars, which is considerably more per unit neutron flux than that of 
enriched-uranium reactors. Since enriched uranium is now readily available, 
the large and costly natural-uranium reactor has become rather unattractive, 
and it is unlikely that any more of them will be built. Most existing natural- 
uranium reactors are being converted for use with enriched uranium fuel, and 
all new graphite-moderated reactors use enriched fuel. 

Historically, the first self-sustaining nuclear chain reaction was achieved on 
December 2, 1942 in a natural uranium-graphite reactor, the Chicago Pile 
(CP-1) at Chicago University. The maximum power of the Chicago pile was 
two hundred watts, but this was rapidly stepped up in later reactors at the 
Argonne National Laboratory (CP-2 and CP-3) and at Hanford, Wash. A 
natural-uranium/graphite reactor (X-10 pile), placed into operation in 1943 
at the Oak Ridge National Laboratory, used 35 tons of uranium and 620 tons 
of graphite to produce a power level of about 3800 kilowatts and a thermal- 
neutron flux of about 10 12 neutrons/cm 2 -sec. Finally, the most modern and 
largest graphite-moderated research reactor, operating since 1950 at the 
Brookhaven National Laboratory (Upton, Long Island, N.Y.), attains (heat) 
power outputs up to 30,000 kilowatts with a thermal-neutron flux of about 
5 X !0 12 neutrons/cm 2 -sec. The design of the Brookhaven reactor is based 
upon the experience gained during the war years with the Oak Ridge and 
Hanford reactors, and it is typical of all graphite-moderated reactors. 
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The Bfrookhaven National Laboratory (BNL) Reactor 

The Brookhayen National Laboratory (BNL) reactor is of the forced-air¬ 
cooled, natural-uranium graphite-moderated, thermal-type reactor and is 
designed specifically for fundamental research programs. The bulky graph¬ 
ite-moderated core is an advantage for this purpose, since it provides large 
research areas adjacent to the reactor. Special experimental facilities permit 
exposing various materials to high-intensity neutron bombardment, beam- 
radiation experiments, and the production of radioisotopes. To obtain the 
required neutron flux density of about S >: 10’~ neutrons/cm--sec for these 
experiments, a heat level of 28,000 to 30,000 kilowatts is provided. 

The basic structure of the Brookhaven reactor is a 25 foot graphite cube, 
which is separated into two halves by aninlet air gap, 2 $$ inches wide, in the 
vertical east-west plane, (See Fig, 3-L) Sixty thousand graphite bricks with 
a total weight of 700 tons make up the core, winch is penetrated in the north- 
south direction by 1368 round parallel fuel channels, spaced 8 inches between 
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Fuel Loading 

The reactor is loaded with uranium fuel through “riHe-baffel” holes provided 
in the south face. An elevator enables the technician to move to any level of 
fuel-charging holes. The critical mass of the BNL reactor is about 50 tons of 
natural uranium, but considerably more fuel is required to provide sufficient 
excess reactivity for the desired power level, For example, a loading of 33 by 
33 channels (1089 channels) requires 2176 cartridges, containing 71,808 
uranium slugs that weigh. 2.58 lbs each, making a total weight of uran¬ 
ium of 185,000 pounds, or 92.5 tons. A loading of 35 by 35, Of 1225 fuel 
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channels requires 80,784 uranium slugs, weighing 104 tons. Despite these 
huge quantities of fuel, the reactor is none too efficient, attaining a relatively 
low specific power per pound of natural uranium. It has been converted for 
use with highly enriched uranium and now contains about 57 kilograms of 
uranium-235. 

Cooling 

The BNL reactor is cooled by a stream of air, which is drawn through the 
central inlet air gap and flows out through the fuel channels in both direc¬ 
tions, removing heat from the aluminum cartridges and the graphite. Five 
1500-hp fans draw the cooling air through the reactor at the rate of 750 tons 
per hour, and exhaust it through a 320-foot stack. Airspeeds reach several 
hundred miles per hour in the fuel channels. The air is filtered both before 
and after leaving the reactor to remove any particles that might become 
radioactive under neutron bombardment. The air is also cooled by water 
to reduce its volume before reaching the fans. 

Shielding 

The graphite cube and air chambers are enclosed in a shield, consisting of 
five-foot thick steel and concrete walls, which have a density about double 
that of ordinary concrete. On the north and south sides large air chambers 
(plenums), are provided between the graphite and the concrete. The shield 
is highly effective and limits the radiation exposure of personnel during an 
eight-hour period to about 5 milliroentgens, which is far below permissible 
tolerance levels. 

Control Rods. Safety, and Instrumentation 

The BNL reactor is controlled by means of 16 control rods, made of a steel 
alloy that contains a small amount of boron. The 26-foot boron-steel rods are 
run into the pile diagonally from the east and west faces so that the sides and 
top are left free for research. Of the 16 horizontal rods, 14 are “emergency” 
rods for shutting down the reactor and two are “regulating” rods for con¬ 
trolling the operating power. The regulating rods are driven by independent 
induction motors and gearing, which permits accurate positioning of the 
rods at speeds of either 5 or 0.05 inches per second. Each emergency rod is 
driven by a separate electric-motor-driven hydraulic system for independent 
control. As an extra safety measure, a mechanical flywheel running at 1765 
rpm is coupled between the electric motor and the hydraulic pump of each 
emergency rod. The entire control-rod system is capable of handling an 
excess multiplication factor ( k ) of about 0.035, which is more than sufficient 
to reduce the value of k to less than 0.99 for rapid shutdown of the reactor. 

The 16 motor-driven control rods are used for normal start-up, operation, 
and shutdown of the reactor, as well as for emergency shutdowns. Any one 
of the 56 signals in an emergency shutdown system will cause all the rods to 

45 


Digitized by 


Goggle 


Original from 

UNIVERSITY OF MICHIGAN 



Generated on 2020-O5-01 09:27 GMT / https://hdl.handle.net/2027/mdp.3901500344382 

Public Domain, Google-digitized / http://www.hathitrust. 0 rg/access_use#pd-g 00 gle 


NUCLEAR ENERGY AND POWER REACTORS 


be run into the reactor at full speed, thus shutting it down. If the electric 
power should fail, the stored energy in the constantly rotating flywheels 
on each motor shaft quickly drives the rods in. To supplement the control 
rods, four boron shot wells are provided, into which boron steel balls can be 
dropped from the control room for emergency shutdown. Finally, an addi¬ 
tional safety system is provided in the form of a liquid “poison” (trichloro¬ 
benzene), which can be released to flood pneumatic tubes running through¬ 
out the reactor. 

A variety of instruments indicate and record the level of neutron flux in the 
reactor to guide the operator, who must actuate the alarm and emergency- 
shutdown systems and record reactor activity. Because of the time required 
to slow down the fission (prompt) neutrons and the effect of the delayed 
neutrons, a reactor rises to power at a slowly decreasing rate, which 
eventually reaches a stable value. The period of a reactor is the time required 
for the neutron flux to attain this stable rate of increase in power. This is 
measured in the BNL reactor by a graphite ionization chamber, consisting 
of a set of graphite disks coated on both sides with boron. As the neutrons 
collide with the boron atoms, the latter throw out an equal number of recoil 
alpha particles that ionize the gas in the chamber and produce a current 
that is proportional to the neutron flux. Figure 3-3 shows an early system 
used for indicating reactor power and period at Brookhaven. 

The current from the ionization chamber is proportional to the logarithm 
of the neutron flux. This permits the same power meter to be used for 
indicating a wide range of power and also allows indication of the reactor 
period on a logarithmic period meter. If the reactor period is too short (that 
is, the reactor rises to power too fast), a trip circuit (Sensitrol relay) is 
energized to sound a warning bell and actuate the emergency shutdown 
system. 

Since neutron detection instruments and indicators have a limited range, 
additional power-indicating systems are provided in the Brookhaven reactor. 
At low powers, from shutdown to about 100 watts, the reactor power is 
indicated by a neutron counting system, using a boron fluoride or boron-lined 
neutron counter whose output is proportional to the neutron flux. At 
intermediate powers, up to about 300 watts, the reactor power is indicated 
by a neutron counting rate system, which utilizes a fission chamber lined 
with U-235. When thermal neutrons strike this chamber, they produce 
strongly ionized fission fragments, which can be counted by conventional 
counter circuits. Finally, a galvanometer system was initially used to indi¬ 
cate reactor power at high-level operation up to full power. The primary 
element for this system was a graphite differential ionization chamber, 
identical with that described for the period (logarithmic) system. 

Additional instruments and controls indicate the radiation levels of the air 
in the stack and building, and provide protection against excessive levels in 
any of the measured quantities. The controls and instruments are brought 
together at an operating console in the control room. 
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Costs 

The total construction cost for the Brookhaven reactor is estimated at 
$25,500,000, out of which some $9,300,000 were spent for the reactor proper. 
The reactor building cost $3,000,000; the laboratories $5,800,000; the cooling 
system $3,800,000; and the remainder of $3,600,000 was spent on site develop¬ 
ment, radioactive waste disposal facilities, electrical facilities and miscellan¬ 
eous items. The yearly cost of the operating staff is estimated at $285,000. 

Light-Water-Moderated Reactors 

We turn now from the obsolescent natural-uranium reactors to reactors 
fueled with uranium enriched in U-235. The use of U-235 eliminates most 
of the U-238 and increases the multiplication factor of a reactor to such an 
extent that the critical mass of the fuel is reduced to a few pounds, and 
the size of the reactor to dimensions in the order of 1 to 3 feet. This lowers 
the cost and increases versatility. 

The first type of enriched fuel reactors we shall discuss are the light-water¬ 
moderated heterogeneous reactors. These come in two kinds, pool reactors 
and tank reactors. The pool reactors are so named because they consist 
essentially of a U-235-enriched reactor core immersed in a large pool of 
water. This arrangement is satisfactory for low-power reactors (up to about 
a thousand kilowatts), where the heat produced is taken care of by convec¬ 
tive water cooling. As the power is stepped up, however, convective cooling 
is no longer sufficient and, moreover, radioactive materials produced by 
constant irradiation of the water begin to rise to the surface. To avoid 
these problems, higher-powered light-water reactors are always enclosed 
in a tank, through which water is pumped under pressure to carry away the 
heat. We shall have more to say about these pressurized-water reactors in 
the next chapter, but for the present we shall confine ourselves to the 
open-pool type. The latter are used in a variety of low power applications 
and have the chief advantages of low cost, safety, accessibility, and flexi¬ 
bility. 

Bulk Shielding Reactor (BSR) 

The prototype of the light-water-moderated, enriched fuel pool reactors is 
the Bulk Shielding Reactor (BSR) at the Oak Ridge National Laboratory 
in Tennessee. This reactor, placed into operation in Deceember 1950, resulted 
from the development of the Materials Test Reactor (MTR), operating at 
the Arco (Idaho) Reactor Station. The latter is one of the largest light- 
water-moderated reactors and produces the most intense neutron flux avail¬ 
able from this type of reactor. 

The bulk shielding reactor (BSR) is essentially a lattice of enriched uranium 
fuel elements suspended from a movable bridge in a pool of water. The 
all-encompassing water serves the four separate functions of moderator, 
neutron reflector, coolant, and shield. This quadruple combination of usually 
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separate reactor components is responsible lor the comparatively low cost 
of the pool-type reactor. 

The pool of the BSR is 40 feet long, 20 feet wide, and 20 feet deep.; it is 
provided with a Well 14 X 14 X 5 feet (deep) at the north end. An aluminum 
gate can be lowered between guides near the south end of the pool, thus 
blocking off this end and permitting the rest of the pool to be pumped dry. 
Shielding experiments (from which the reactor derives its name) may then 
he conducted on the dry side of the gate, while the reactor is moved close 
to the other side. Figure 3-4 is a view of this gate ready to be lowered 
into position. 

Removable concrete blocks are provided as part of the pool floor* The blocks 
have a high density (3.2), thus cutting down on. neutron and gamma radia¬ 
tion. The reactor is frequently operated with all blocks removed to provide 
apace beneath the core for materials being tested. 
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VIEW Of POOL AND ALUMINUM 6ATE 


The reactor and control {servo) equipment are mounted on a movable bridge 
that spans the pool, A control room from which the reactor is operated 
and in which all controlling, indicating, and recording instruments are 
contained is located about eight feet from one side of the reactor pool. An 
instrument bridge, similar to the reactor bridge, also spans the pool. As 
shown in Fig. 3-5, a cart traveling on rails on the bridge permits lowering 
various measuring instruments to any point in the pool, 

Access to the reactor is practically unrestricted, permitting the irradiation 
of large and bulky objects and the use of large instruments against the 
reactor face- In addition, the use of water as both shield and coolant allows 
direct visual observation of the reactor core during operation, which is of 
advantage for training reactor personnel. 


Reactor cmd Fuel Elements 

The Bulk Shielding Reactor comprises little more than an assembly ( lattice) 
of enriched uranium fuel elements immersed in water. The height of the 
active lattice is 24 inches, and for a typical loading the other dimensions 
might be 15 X 18 inches. The reactor supplies a thermal neutron flux of 
about 10 t2 neuirons/cm 2 -sec when operated at !Q0 kilowatts heat output, and 
about 10 ,;J neutrons/cm 2 -sec at a power level of 1000 kilowatts. Figure 3-6 
shows the reactor core in operation. The glow (known as Cerenkov radia¬ 
tion) is produced by beta particles moving in Water with velocities exceeding 
the velocity of light in water. 
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The fuel elements are hollow bundles of plates through which water flows by 
natural convection, acting as both moderator and coolant. (The pool water 
also serves as reflector and shield.) There are two types of fuel elements, 
standard elements and special elements, for the insertion of control rods. 
The standard element is about 3 >: 3 inches in cross section and 35 inches 
long, including a conical end section (refer to Fig. 3*6). The active (fuel) 
section is 24 inches long and has the shape of a rectangular pipe. Inside each 
pipe are 18 curved fuel plates, consisting of a highly enriched uranium- 
alloy sandwiched between aluminum sheets. The fuel “sandwiches” ate 
separated by a cooling channel y$ inch wide and require about 140 grams 
U-235 “meat” for a standard fuel element (18 plates). The control-rod 
receiving fuel elements are similar to the standard element, except that 
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about half the fuel plates have been removed to provide a slot for the entry 
of the control rod. The rods move readily tn and out of the slotted elements. 
(See Fig. 3 -1-) 

The fuel elements test on a supporting 54-holc grid plate, which permits 
various loading arrangements within the 6 )< 9 unit pattern. A typical 
loading requires 30 fuel elements with a total weight of about 4 kilograms 
(approximately 9 lbs ) of enriched uranium. Fuel is consumed at the rate 
of 1 gram per megawatt day (1 million, watts for 24 hours). The fuel elements 
must be reprocessed when 5 to 10 percent of the fuel has been consumed, 
permitting operation for about l megawatt year. Figure 3-8 shows the 






WXJr&k'XZ-iyw l’ 
• v - ViV'^ A' 




iWS& 

IMP 








V '< XS A 


SSKsfe 


mw$ 


& m 


. • 




Fi g. '3-8 


reactor partially loaded with three controbrod-type fuel elements in place. 
Note the aluminum grid structure at the bottom. The cans above the fuel 
elements contain the electromagnets that support the control rods. The 
cylindrical aluminum cans behind them contain ionization chambers. For 
experiments with various neutron reflectors, the front row of the reactor 
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grid plate is frequently filled with dummy elements, containing graphite, 
beryllium oxide (BeO), or some other material. 

Control and Safety System 

The reactor is controlled by means of two boron-carbide shim safety rods 
for coarse reactivity control and one automatic (servo) control rod for fine 
regulation. An iron armature at the top of each rod is suspended from an 
electro-magnet, which can be raised or lowered by a small electric motor. 
The magnets release the rods to fall by gravity if the power is cut off, if 
the neutron or gamma flux becomes excessive, or if other major trouble 
develops. Interlocks prevent raising the safety rods unless the control rod 
is inserted all the way, and the control rod, in turn, cannot be operated 
until the safety rods are at least three-fourths withdrawn. 

The BSR and other pool reactors are inherently safe for moderate excess 
reactivities ( k within 2% of unity), because they have a negative tempera¬ 
ture coefficient. This means that a slow rise in reactor power, which causes 
the water to heat up, decreases the reactivity bringing the system back into 
balance. Even if the power is increased suddenly by deliberately pulling 
out all control rods, the boiling water between the fuel plates will carry 
away portions of the moderator, thus stopping the chain reaction. Moreover, 
the fission products formed in the fuel elements are contained within the 
fuel plates and do not contaminate the water. 

A variety of instruments are provided for reactor control and safety. These 
include differential ionization chambers, boron-coated ionization chambers, 
a fission chamber, and a gamma chamber, all essentially similar to the types 
discussed in connection with the graphite-moderated reactor. A monitron, 
equipped with a boron-coated chamber, surveys the amount of radioactivity 
in the general area and is interconnected with a safety alarm circuit. Many 
of these measuring instruments must operate under water and, accordingly, 
are enclosed in watertight aluminum or polystyrene cases filled with com¬ 
pressed gas. Figure 3-9 shows an underwater ionization chamber with assoc¬ 
iated preamplifier. The controls for the reactor and the various indicating 
and recording instruments are brought together in a central control room. 

Costs 

A pool-type reactor is one of the least expensive reactors to build and 
operate. The construction costs for the entire Bulk Shielding Reactor (in 
1950) were about $247,500, out of which amount approximately $153,000 was 
spent for the reactor building and pool, the remainder going for reactor 
essentials and other equipment. This figure does not include, however, the 
cost of the enriched uranium fuel and later relocation of the control panels. 

Heavy-Water-Moderated Reactors 

It was recognized even in the early days of reactor design that heavy 
water is a better moderator than graphite or light water, because it is more 
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effective in slowing down neutrons and is.less prone to withdraw them from 
the chain reaction by absorption. Accordingly, a reactor moderated with 
heavy water has a higher Multiplication factor, smaller size and critical 
mass, and greater thermal-neutron flux than a comparable light-water or 
graphite moderated reactor. Moreover, the neutron flux, is- relatively 'uniform 
over a large volume of the reactor core, providing a large experimental work 
area at high.neutron-flux levels. The cost of this type of reactor is inter¬ 
mediate between light-water and graphite-moderated types of compar¬ 
able power. 

The prototype of. the heavy-water reactors is the Argonne heavy-water 
reactor CP-3, which went into operation at the Argonne National Laboratory 
in May 1944. (The designation, CP-3, stands for "Chicago Pile No. 3", the 
third of a series starting with the historic first reactor, the CP-1,) The CP-3 
was replaced by the more powerful CP-5 reactor; which has been operating 
at Argonne since February 1954. Another heavy-water reactor is the NRX 
(National Research Experimental) reactor at Chalk River, Canada, which 
was designed jointly by Canadian, British, aiid 1J.S. scientists. Unfortu¬ 
nately, this large 10-megawatt reactor was darruiged in lace 1952, The most 
modern reactor of this type is the 1000-kilowatt Massachusetts Institute 
of Technology Reactor, which recently went into operation. 


Argonne Research Reactor (CP-$) 

The Afgarme CP--5 reactor ^Fig; 3-10) is typical of heavy-water moderated 
reactorS' and is, perhaps, the most, versatile and efficient, research reactor 
in existence..Using highly enriched <90% XJ-23S) uranium as, fuel, and heavy 
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water as both moderator and coolant, the CP-5 provides a high neutron flux 
intensity of up to 3 ;< 10 t3 neutr.ons/cm'-sec at an average power (heat) level 
of 1000 kilowatts. Its critical mass is only about 1.7 kg of U-23S. 


ARGONNE RESEARCH REACTOR CP-5 


Reactor and Shield 

The core of the reactor is at the center of a 6-foot diameter aluminum tank. 
Heavy water (D^O) acting as coolant, flows upward by forced convection 
through box-type fuel assemblies and then discharges into the tank. A pipe 
at the bottom of the tank conducts the heavy water into a light-water heat 
exchanger. which receives the heat generated by the reactor, and then returns 
the heavy water to the tank. 
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The region of heavy water above the reactor core is occupied by four control 
rods, moving in and out of the core between the parallel rows of Fuel assem¬ 
blies, A region 2 feet thick around and below the core is available for 
experimental work, A secondary neutron reflector, in addition to the heavy 
water, is provided in the form of a 2-foot thick graphite zone extending 
around and below the tank. Outside the graphite, the neutrons and gamma 
rays are absorbed in a massive shield, consisting (from the inside out) of 
a boron-carbide liner, a 3*4-inch-thick lead shield, and finally a limo- 
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Fuel Assembiyand Loading 

A number of box-type fuel assemblies (about 12 for a critical mass)are pro¬ 
vided, each containing 10 curved alurrunum/uranium/alummurn-sandwieb 
fuel plates similar to those of the BSR light-water reactor. There are five 
parallel rows of these assemblies. As shown in Fig, 3-1.2, the heavy-Water 
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coolant enters through an inlet opening in the seal, cools the active plates, 
and then discharges through ports into the tank. The hydraulic force of the 
Upward flow causes the water level m the fuel assemblies to be several inches 
higher than the level in the tank. This added height is measured by a float 


with a stainless-steel mast, which enters through the core of a transformer 
near the top of the element. The transformer gives an indication of liquid 
flow rate through the element. 

When about 20 percent of the original U-235 in a fuel assembly is converted 
into fission products, refueling becomes necessary* Fuel loading and unload- 
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ing is accomplished through individual openings passing through the top 
shield and aligned with each of the fuel channels. For a 1.000-kw power 
level, refueling must be performed at about eight-months intervals. 

Reactor Control, Instrumentation and Safety 

The reactivity of the reactor is controlled by four shim-safety-control rods 
and a fifth regulating rod for fine control. The four shim safety rods (Fig, 
3-13) are strong neutron-absorbing units, which move inside the reactor 
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core between the parallel rows of fuel assemblies. The purpose of these rods 
is to adjust for gross changes in reactivity , and also to shut the reactor 
down quickly upon receipt of a "scram” or shutdown signal. Any two of the 
safety rods are sufficient to override temporary excess reactivity. 

The fine control or regulating rod moves up and down for a short distance 
outside the fuel-assembly array. Its fiinctions are to make the reactor critical, 
to keep the reactivity equal to unity, and to adjust or alter .the power level. 
Since it determines the behavior of the reactor, the regulating rod moves 
faster than the shim-safety rods. A servo follow-up drive system above the 
reactor permits maintaining a steady power level by automatic control. 

Small changes in reactivity to compensate for shutdown periods are attained 
by a chilled-water system, based upon the fact that a cold moderator adds 
reactivity. Conversely, the negative temperature coefficient of the reactor 
returns the power level to balance during increases in reactivity. Even a 
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matic shutdown. As an added safety feature, the heavy water in the alu¬ 
minum tank may be rapidly drained to the level of the fuel plates by a quick¬ 
opening valve and limited-capacity storage tank. 

The instruments that indicate and record the power level of the chain 
reaction from start-up to full power are similar to the neutron-flux meas¬ 
uring instruments previously described. The sensing instruments that follow 
the chain reaction behavior are various types of ionization chambers, each 
selected for maximum efficiency in a particular power range. The indicating 
instruments that make the electric signal from the ion chambers visible are 
vibrating-reed electrometers for the feeble signals during reactor start-up 
and a variety of galvanometers for indicating higher power levels. 

The operator in the control room acts upon the indicated reactivity informa¬ 
tion either by closing circuits to the drive motors of the control rods or by 
deenergizing the magnetic clutches to drop the rods, if shutdown is desired. 
A dial indicates the position of each shim-safety rod; a register, that of the 
regulating rod. 

The cost of the CP-5 reactor, excluding 7 tons of heavy water, is $1,051,000; 
the cost of the shield is $403,000. The total for the entire facility comes to 
$2,250,000. 

Homogeneous Enriched-Fuel Reactors 

The first research reactors with enriched uranium utilized it in the form of 
a (light) water solution of uranyl sulfate or uranyl nitrate as moderator- 
fuel. Because the uranium fuel is evenly dispersed in the water solution 
(acting as moderator), these reactors are known as homogeneous solution 
type reactors. They are also frequently called water boilers because there 
is a slow bubbling of hydrogen and oxygen caused by the decomposition of 
water during operation. Boiling does not occur, however, since the solution 
is normally kept below 80 °C by a circulating water coolant. (The homogen¬ 
eous water boiler is not the same as the heterogeneous boiling-water reactor, 
to be discussed in the next chapter.) 

Theoretically it is possible that a homogeneous reactor could use a solid 
moderator-fuel combination and at least one such reactor, using a poly¬ 
ethylene-uranium oxide mixture, has actually been built. This offers no 
particular advantage, however, since it involves the same expensive, careful 
machining and canning of the uranium that is required in heterogeneous 
reactors. 

In the solution-type reactor about 14 liters (3.7 gallons) of the moderator- 
fuel solution are contained in a spherical, corrosion-resistant tank of 1 foot 
diameter. This small reactor core is surrounded by a graphite layer about 2 
feet thick, serving as neutron reflector. The reflector is generally elongated 
in one direction to provide a column of thermal neutrons ( thermal column ). 
From 2 to 5 feet of concrete, depending on the power level, serve as shield 
_ ^around the graphite reflector. 
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A critical mass, typically less than 1 kilogram of U-235, is maintained by 
adjusting the uranium concentration of the solution through a “mixing 
bowl” arrangement. (See Fig. 3-14.) The neutron flux may be as high as 
2 X 10’ 2 neutfons/em*-sec for a 50-kilowatt unit operating at full power. The 
flux for a t-watt reactor, however, is only about 4 X 10 7 neutrons/cm a -sec. 
As the power is increased beyond about 30 kw, the highly energetic fission 
fragments rapidly decompose the water in the core into elemental oxygen 
and hydrogen and the uranium solution tends to become unstable. This 
makes it necessary at high power levels to use a gas recombination system 
to recombine hydrogen and oxygen into water and return it to the core. Since 
radioactive gases are evolved in the process, the gas system must be com¬ 
pletely enclosed and placed in a shielded area. 


facsuty 






. ■ ■ 


The small size o£ the reactor core limits the area available for control and 
experimental purposes. The safety and regulating (control) rods generally 
extend through the graphite reflector to the surface of the reactor tank. The 
major experimental facility is a hole, called the “glory hole,” passing 
through the tank at the center of the core. Other experimental openings, 
such as thermal columns, beam tubes, isotope-production tubes, etc, are 
arranged about the core with suitable openings through the shield and reflec¬ 
tor, according to their purpose. 

A desirable saf ety factor of homogeneous reactors is their negative tempera¬ 
ture coefficient. Another advantage is that excessive fuel need not be initially 
loaded into the reactor and that the uranium enrichment may be as low as 
15 to 20% (The reactors we shall describe, however, have an enrichment as 
high as 90% U-235.) These factors combine to make the homogeneous-type 
reactors compact, safe and relatively inexpensive. They are used primarily 
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in education, research, and other applications not requiring the highest 
thermal-neutron flux intensities. 

Development 

The first “water boiler” reactor was built by the Los Alamos Scientific 
Laboratory and placed into operation in 1944. The unit was appropriately 
called LOPO (Low Power), because it operated at a power of only about 
0.05 watt. LOPO was later converted to operate at successively higher 
powers: the HYPO unit at 6 kilowatts, and the SUPO (Super Power) unit 
at 45 kw. An additional reactor of this type, operating at 10 kw, was placed 
into operation in 1953 at North Carolina State College. Two examples of 
homogeneous reactors described in the following pages are the Livermore 
(L-3) reactor, operating at the University of California since 1953, and the 
50-kilowatt Armour Research Reactor, operating since 1956 at the Armour 
Research Foundation, in Chicago, Ill. 

Livermore Research Reactor (L-3) 

The 500-watt Livermore “water boiler” (already shown in Fig. 3-14) consists 
of a spherical-core tank slightly more than a foot in diameter, which contains 
4 gallons of uranyl sulfate solution. The sphere is imbedded in the center 
of a circular cylinder of graphite, 5 ft in diameter and 5 ft high. The graphite 
reflector, in turn, is contained in a steel tank which is lined with a 5-inch- 
thick layer of lead to provide protective shielding. When the reactor is 
operated at full 500-watt power, the thermal neutron flux at the center of 
the spherical core is about 2.4 X 10 10 neutrons/cm 2 -sec. A 1.1-inch diameter 
“glory hole” passes completely through the reactor at the core center and 
terminates at the outer edge of the shield, allowing access to the high-flux 
regions in the center. The experimental facilities are further complemented 
by eight removable stringers on the south side of the reactor, which extend 
through the core and shield on both sides of the sphere. The stringers are 
3-foot long graphite and lead bars, whose removal permits access to the core 
for inserting experimental materials. 

Two safety rods and two control rods, shown at left of Fig. 3-15 permit 
reactivity control of the reactor. The two boron-carbide safety rods are 
operated by electric drive motors that accomplish complete withdrawal 
within 7 seconds. Magnetically-actuated latches normally hold the rods, but 
quickly drop them into the reactor, if the latches are deenergized at any time 
by one of the alarm or “scram” circuits. The two control rods, which are 
similar in construction to the safety rods, consist of a coarse-control unit 
to bring the reactor up to power and a servo-operated regulating rod to 
maintain automatic power regulation. 

Armour Research Reactor 

This 50-kilowatt “water boiler” consists of a stainless steel spherical reactor 
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core, located at the center of a cyclindrteal graphite-reflector tank. The 
i2^2-inch (outside diameter) sphere is filled with 3.7 gallons (14 liters) of 
uranyl-sulfate .solution, containing approximately two pounds of highly 
enriched (88%) U-235. At maximum power, the unit supplies a thermal- 
neutron flux of about 1,7 ;< 10 ,s n< cm~-sec. The entire reactor (Fig, 8-1S) 
is enclosed in. a S-foot thick shield of dense concrete. 

The high-powered Armour reactor is equipped with considerably more 
complex systems for fuel handling, gas-recombmmg', cooling and safety 
than the 500-watt Livermore reactor, (See Fig, 3-16.) Four control rod 
thimbles and a filt-and-drain pipe pierce the upper half of the Armour 
reactor core. Various cooling coils, gas tines and liquid-return lines extend 
through the lower half of the sphere and into the gas-handling and heat 
exchanger equipment in the reactor utility room below. A I ^4-inch "glory 
hole” enters the core obliquely from above. 

A thin-walled, liquid-tight outer enclosure envelope is placed around the 
sphere and its piping to contain the uranyl sulfate solution in the event of 
a leak. An additional safety feature is a spillover tank incorporated into the 
gas-handling system. An uncontrolled power burst would result in rapid gas 
formation in the core solution that would force part of the solution into the 
spillover tank, causing the core to become subcritical. 
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Cooling System 

The reactor core and gas-handling components are cooled by a closed recir¬ 
culating refrigerator system using distilled light water. The core-cooling 
system consists of approximately 60 feet of stainless steel coils in the core 
(Fig. 3-17),associated pumps, valves and piping, and a water-to-freon heat 
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exchanger. Thermocouples indicate the temperature of the core coolant. 
The pump, instrumentation, and heat exchanger are located in the shielded 
reactor-utility room below the reactor. 


Gas-Handling System 

The gas handling system has the primary functions, of recombining the 
reactor-decomposed water and containing the fission product gases in a 
closed system. It must also provide for the periodic removal of the fission 
gases. The hydrogen and oxygen evolved from the water in the core are 
recombined by means of a catalyst (platinized alumina); a lift pump then 
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returns the condensate to the core. The entire system is designed to be 
gas-tight and explosion-proof. 

Control System 

Four vertically-oriented boron-carbide rods provide regulation and shut¬ 
down for the reactor. These rods are located in thimbles that pierce the 
core tank and have a combined control capacity of 8% excess reactivity. 
Three of the rods are used for power regulation and all four function as 
shutdown rods. If the reactor is “scrammed” by some alarm condition, all 
four rods are automatically released and fall into the core by gravity. The 
positions of the rods are indicated on the control console by means of a 
synchro follow-up system. 

The reactor power level is automatically maintained by feeding an “error” 
signal from a power level recorder to a servo amplifier, which then drives 
the regulating-rod motor in the direction required to correct the “error” 
(power deviation). The signal feeding the automatic control system can 
originate from either of two ion chambers or a fission counter tube. Pro¬ 
vision is also made for manual control of the regulating rods. 

The total cost of the Armour Research Reactor facility was about $700,000, 
of which about 40 percent were expended on the reactor and shield. 
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With thorium and uranium the seventh and ninth most abundant elements 
in the earth’s crust, their use as fuels in nuclear reactors would guarantee 
the world at least a 100-year supply of power. It is somewhat surprising, 
therefore, that no great rusji has developed in this country to get nuclear 
power plants into operation, despite the general optimism a few years ago 
and the availability of nuclear designs and fuels. It is to be noted, however, 
that some foreign countries with a short supply of conventional fuels and 
the labor to dig them up, have made great strides in nuclear power develop¬ 
ment ; this is particularly true for Great Britain. 

The reasons for this apparent U.S. lag to get into the nuclear power field 
are inextricably bound up with knotty problems in the domains of economics, 
public policy and technical “know-how”, in that order. 

The key to nuclear power economics is the cost of nuclear fuels (thorium 
or uranium), with the cost of the power plant being a secondary, though 
important factor. The type and quantity of fuel depends, of course, on the 
reactor design. For reactors fueled with enriched uranium, the cost of the 
fuel typically runs to about two-thirds of the total cost per kilowatt-hour, 
while the capital investment and operating costs account for the remaining 
third. It is hoped that this ratio will become more favorable by getting 
more “mileage” from the fuel (in breeder reactors, for example), by lowering 
the initial cost of fuel processing, and perhaps by government committ¬ 
ments to buy back the plutonium produced in reactors. At present, however, 
the power cost of the only U.S. commercial nuclear power station, at 
Shippingport, Pa., is about 65 mils per kilowatt-hour (1 mil = 0.1 cent), as 
compared with a national average for conventional power stations of 7 to 
8 mils. An experimental boiling water reactor (EBWR) at the Argonne 
National Laboratory, on the other hand, has been able to generate electrical 
power at about 32 mils per kilowatt-hour, the lowest thus far. 

The public policy problems are essentially a new version of the old private 
vs public power controversy. At present, most American nuclear power 
projects are subsidized to some extent by the government. These subsidies 
range from an interest charge on government-owned fuel to heavily subsi¬ 
dized government-industry partnerships, and almost complete government 
ownership with respect to liability insurance. 

Problems of technical know-how are in the process of being solved. Whole 
new technologies have been created to produce and use heretofore little- 
known materials. Materials of high neutron capture ability (called capture 
cross section ), such as boron, cadmium and hafnium have been developed for 
use in, control rods, while materials with a low neutron capture cross section 
have been produced for use in reactor tanks. The metal zirconium is now 
greatly preferred to stainless steel for reactor tanks because its low capture 
cross section (one-tenth of that of steel) assures that the reactor walls will 
not absorb a sufficient number of neutrons to extinguish the nuclear fire. 
Despite these advances, some basic metallurgical problems remain unsolved. 
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Basic Power-Reactor Factors 

A conventional power plant burns coal, oil, or gas to heat a boiler that 
produces high-pressure steam: The steam, in turn spins a turbine which has 
an electric generator coupled to it. The electrical output from the generator 
is then transformed to a very high voltage and fed to various distribution 
points over long power lines. In a nuclear power plant the coal hopper (or 
other fuel container) and steam boiler are replaced by a nuclear reactor 
and a different kind of steam boiler, known as a heat exchanger. The heat 
exchanger utilizes the reactor-produced heat, carried in by a coolant, to 
boil a usually separate water supply. The boiling water then produces steam, 
which turns the turbo-generator and generates electricity, in the same way as 
in the conventional plant (Fig. 4-1). Thus, the nuclear reactor and heat 
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exchanger replaces only a part of the steam-generating plant and does not 
affect at all the electrical generating and distribution system. 

Choice of Reactor 

The first power reactors were used for the propulsion of submarines. The 
pressurized water reactors (PWR) used for this purpose are safe, but fairly 
expensive and none too efficient. Based on the backlog of experience gained 
with the PWR submarine reactors, essentially the same design was chosen 
for the first commerical power reactor, at Shippingport, Pa. What is prac¬ 
tical for specialized military uses has proven itself too uneconomical to 
complete with the more conventional ways of producing electrical power. 
The high power cost of the PWR reactor makes it unlikely that many more 
of this type will be built for commerical power production, except for 
foreign countries that lack power and conventional fuels. 

The obsolescent PWR type is in the process of being replaced by more 
promising reactors, such as the boiling-water reactors, sodium-cooled types, 
breeder reactors, homogeneous reactors, and various experimental types. We 
shall study some of these in this chapter. 

Choice of Heat Exchanger 

The hotter the steam, the more power can be gotten from it. The heat and 
pressure of the steam, in turn, depend on the temperatures attained within 
the reactor, the coolant that carries the heat produced by fission to the 
heat exchanger, and on the efficiency of the heat exchanger itself. We shall 
become acquainted in the following pages with the main types of reactor 
coolants (water under pressure, gas, and liquid metals) and various heat 
exchangers. 

Materials of Construction 

We have already mentioned the problem of obtaining materials for reactor 
construction that can withstand intense nuclear irradiation for long periods. 
Among stable substances used at the present time are beryllium, graphite, 
and zirconium. These materials are undergoing extensive tests in experi¬ 
mental reactors, especially with respect to their corrosion resistance to 
liquid-metal and other unconventional coolants. 

Site Selection and Chemical Processing 

The choice of plant location is intimately bound up with problems of radio¬ 
active waste disposal and decontamination. Nuclear reactors generate large 
quantities of radioactive fission products, which must be properly disposed 
of if they are not to contaminate the air or drinking water and cause 
biological damage. Commercial nuclear power stations cannot be located 
on the extensive government reservations, which are used to take care 
of storage and waste disposal problems for government reactors. Thus, 
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careful consideration must be given to the design and availability of a 
suitable waste disposal system, when selecting a site. Among the disposal 
methods used are storage in underground tanks; dilution, either by the 
atmosphere, in liquids, or in solids; sea disposal (in sealed containers); or 
burial, either under the site or at a national burial ground. 

The irradiated fuels of the reactor must be chemically processed not only 
to remove, and decontaminate, and store the radioactive wastes, but also 
to recover valuable fissionable material, such as plutonium or U-233, and 
to isolate useful radioactive isotopes. Although the production of radioactive 
isotopes is not a primary function of power reactors, the recovery of 
plutonium and other fissionable fuels represents an important source of 
income, especially since the government appears willing to buy them back 
at attractive prices. 

Types of Power Reactors 

In the last chapter we became acquainted with the basic types of reactors 
developed for research purposes. Let us now look at some power-reactor 
offshoots of these early designs. First we shall describe the popular 
pressurized-water and boiling-water reactors, which are both light-water- 
moderated tank types. Then we shall go on to sodium-cooled, graphite¬ 
moderated reactors, which have but little resemblance to the graphite¬ 
moderated natural uranium (BNL) reactor we described in the last chapter. 
Next we shall look into some experimental homogeneous (fluid-fuel) reac¬ 
tors, both of the light-and heavy-water-moderated types. We shall also 
become acquainted with the promising breeder reactors, which are fast 
reactors without any moderator. Finally we shall attempt to guess what the 
future might have in store in the form of organic moderated, liquid-metal- 
fueled, gas-cooled and other types of experimental reactors. 

Pressurized-Water Reactor (PWR) 

The first full-scale commercial nuclear power plant is the 60,000-kw pres¬ 
surized-water reactor at Shippingport, Pa., which we shall discuss in detail. 
An even larger reactor of this type, designed to produce 275,000 kilowatts 
for the New York area, is being built by the Consolidated Edison Company 
of New York and is to “go critical” in 1960. Others are being planned and 
built. 

A pressurized water reactor (PWR) is a light-water moderated tank 
reactor that uses uranium fuel, usually in the form of a highly U-235 
enriched “seed” surrounded by a “blanket” of natural uranium. A constant 
stream of ordinary water under high pressure flows through the core of 
the reactor and is heated by it to a temperature of about 550 °F. An operating 
pressure of about 2000 pounds per square inch (psi) prevents the water 
from boiling at these high temperatures. The water, which also serves 
as moderator, flows through the heat exchanger and back to the reactor in 
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a closed system of pipes to prevent the escape of radioactive fission products 
In the heat exchanger, the heat of the pressurized Water is transferred to 
a separate supply of low-pressure water, which is converted into low- 
pressure steam {about 600 psi). This steam, in turn, spins the turbine that 
turns the electric generator.. The entire plant, except the turbogenerator, 
is usually steel-enclosed, safeguarding against radioactivity in case of a leak. 
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The primary advantages of pressurized Water reactors are their ease of 
operation and comparative safety because of their negative temperature 
coefficient. This not only prevents the reactor from ‘‘running away,” but 
also gives it a measure of self-regulation (adjusting of output to meet 
demand), if the power demand increases, for example, more steam is drawn 
from the heat exchanger, thus chilling the primary water coolant. Because 
of the negative temperature coefficient, a cooler-than-normal water flowing 
through the. reactor core increases the reactivity, thus complying with the 
increased demand. 

The major disadvantage Of the PWR is that the steam it produces is loaded 
with water vapor {which causes erosion) arid is not hot enough for efficient 
turbine operation. If it is attempted to increase the temperature and pressure 
of the steam for efficient operation, costs ge up, and the plant becomes even 
less competitive with conventionally fueled plants. 


The major example of a pressurized water reactor (PWR) is the $121 
million Shippingport Atomic Power Station (Figs. 4-2 and 4-3), which 
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was designed jointly by the Westingbouse Electric Corporation and the 
Duquesne Light Company with financial assistance from the Atomic Energy 
Commission. The plant has been furnishing 60,000 kilowatts of electrical 
power to the Greater Pittsburgh area- since December 23, 1957. Although 
the Sbippmgport plant may ultimately operate at a power level close to 
100,000 kw, its primary purpose is not to generate electricity at costs compet¬ 
itive with ordinary fuels, but rather to advance the technology of pres- 
urized-water reactors. 

PWR flow Diagram 

The pressurized-water reactor provides the heat for generating electricity, 
as is shown schematically in the fiov/ diagram (Fig. 4-4). Heat from the. 
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reactor (790 million British thermal units per bout) is carried by highly 
purified water, circulating through three primary (radioactive) loops, to 
heat exchangers that serve also as steam generators. The total liquid flow 
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in. the three primary loops is approximately 56,400 gallons per minute (gpm), 
with a fourth primary loop being provided as a spare. 

The heat exchanger-steam generators in the primary loops (Fig. 4-5) are 
of two types. Two of the loops use a Straight-tube heat exchange (manu¬ 
factured by Foster-Wheeler), while the other two use a V-bend beat 
exchanger (manufactured by Babcock and Wilcox). Both types generate 


steam in the same general way. The primary water heated by the reactor 
flows through hundreds of small stainless steel tubes in the heat exchanger 
sections of the steam generators, and is returned to the reactor by a 
centrifugal pump, one being provided for each primary loop. The stain¬ 
less steel tubes are surrounded by water of the secondary (non-radioactive) 
system, which is thus heated by the primary water. The wet steam formed 
from the secondary water, passes upward through the “risers” and enters 
a steam drum (boiler). Here the steam Js dried, and the separated moisture 
returned to the heat exchanger through the “downcomers.” 

The dried steam from the boilers passes under a pressure of about 600 
pounds per square inch (psi) through the semndary loops and drives the 
turbine-generator (Fig, 4-6)V which consists of ah 1800-rpfn turbine and a 
generator rated at 100,000 kw maximum. Approximately 860,000 pounds 
of dried-steam at 600 psi Sow from the steam generators to the turbine 
each hour. The spent steam from the turbine exhaust is passed through 
a condenser, where it is cooled. The condensate (water) is returned to the 
steam generators by feedwater pumps. 


Reactor and Fuel Arrangement 

The major components Of the Shippingport PWE are the reactor core (with 
associated fuel elements, control rods and the rod-drive mechanisrrt) and 
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Shippingport % 

/ 00,000-kilowatt Turbine-Generator 


a pressure vessel containing thecore assembly. The pressure vessel (Fig. 
4-7). is a cylindrical carbon-steel container with hemispherical upper and 
lower ends, clad on the inside with stainless steel. It is approximately 32(4 
feet high, 1G*4 feet In outside diameter, and is designed to withstand an 
internal pressure of 2500 pounds per square inch. Four inlet nozzles (see 
Fig. 4^8) at the bottom of the vessel introduce the cooling water and four 
outlet nozzles, near the top, discharge the heated coolant into the primary 
loops. 

Since radiation induces heating in the structural materials surrounding 
the core, two concentric stainless steel thermal shields are placed between 
the core cage and the inner wall of the pressure vessel. In addition, 3 feet 
of water surrounding the reactor vessel provide shielding against neutrons, 
and 5 feet of structural concrete around the pool of water make up an 
effective biological shield against all kinds of radiation. 

The reactor core, consisting of fuel elements and control rods, is supported 
in a barrel-shaped core cage between a bottom support plate and a top grid. 
During operation, the cooling water enters through the inlet nozzles at 
the bottom, flows through a lattice of boxes in the bottom support that hold 
the fuel elements, and is channeled into the fuel assemblies. After being 
heated by its passage through the fuel assemblies, the coolant emerges 
through open boxes in the top grid and exits through the outlet nozzles. 
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Of the 145 fuel assemblies, 32 are the highly enriched seed assemblies, 
which are arranged in a .hollow square with blanket assemblies both inside 
and outside the seed. Each seed assembly is about 51-2 inches square in cross 
section and about 70 inches long. The seed fuel,principally U-235, is alloyed 
with zirconium to form the ’‘meat" in a sandwich that is clad op the 
outside with Zircaloy (an alloy of zirconium) This is rolled into thin plates, 
which are separated by narrow passages to allow the flow of cooling water. 
The seed fuej contains a total of approximately 165 pounds of uranium-235. 

The natural uranium-dioxide blanket fuel is contained in 113 blanket assem¬ 
blies, 45 inside and 68 outside the hollow square of seed assemblies. As 
shown in Fig, 4-10, 26 cylindrical pellets of uranium dioxide are sealed in 
10-inch long fuel rods, made of Zircaloy. Each blanket assembly contains 
seven bundles of 120 fuel rods each, stacked one above the other. 


Control and Instrumentation 

An important advantage of the seed-and-blanket design in the PWR is that 
it concentrates the enriched uranium in the seed, thus reducing the area 
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that must be controlled by control rods and associated mechanisms. Each 
of the 32 seed assemblies is provided with a cross-shaped channel, which 
permits an equal number of hafnium control rods to move in and out of 
the assemblies. The control rods are connected by special shafting to drive 
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mechanisms located in the head of the pressure vessel. No control rods are 
needed for the blanket assemblies. 

In addition to the control rods, which are operated from a console panel 
in the central control room (Fig. 4-11) the Shippingport pressurized water 
reactor is extensively instrumented to provide information ,for plant opera¬ 
tion, warning operators in case of fuel assembly damage, and compiling 
data for designing future reactors. Only the sensing elements of the instru¬ 
ments are in the reactor itself. The measurements are metered on the nuclear 
reactor (core) panel in the control room. 


The reactor instrumentation includes- • thermocouples, flew meters, and 
failed-element detection and location (FEDAL). Thermocouples measure 
inlet and outlet coolant temperature in representative fuel assemblies to 
assist in calculating the power output Other thermocouples measure fuel- 
plate temperature in some of the seed assemblies. The cooling water enters 
the fuel assemblies through special ffow-metefmg orifices, which are con¬ 
nected through tubes to external differentia! pressure veils. These cells 
transmit signals regarding"the[;fl.ui 1 d;y^loci,ties to flow meters, which in con¬ 
junction with the inlet and outlet temperature measurements, permit cal¬ 
culating the power produced r.n the iud assemblies. 
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The FEDAL system permits detecting and locating faulty blanket fuel 
elements, which might be corroded or punctured, thus releasing radioactive 
materials into the coolant. The outlet end of each blanket assembly is 
equipped with a rake for sampling the coolant exit water. The sample flows 
from each rake to an external detection system, which permits checking the 
radioactivity and locating defective assemblies, and is then returned to the 
reactor coolant system. 

Refueling and Handling 

The pressurized water reactor allows fuel to be replaced in either of two 
ways. One is to remove and replace the whole core, which requires taking 
the closure head off the pressure vessel. The other is to remove and install 
individual fuel assemblies by working through the fuel ports without 
removing the head. Since either operation involves handling highly radio¬ 
active materials, the work is done under water, by using remotely controlled 
handling equipment. To minimize radiation exposure of operating personnel 
and to permit visual observation of inaccessible areas, closed-circuit tele¬ 
vision and optical viewers are used. Remote viewing by means of closed- 
circuit television is used extensively throughout the Shippingport plant. 
In addition to remote viewing of refueling, an adjustable-focus TV camera 
is located in each of the four boiler compartments and one in the pressur- 
izer compartment. A monitoring receiver in the control room can be 
switched to any one of the five cameras. There are also four fixed-focus TV 
cameras, adjusted to view the four boiler-drum-level gage glasses, with 
associated television monitors in the control room. 

Safety and Radiation Monitoring 

Basically, the approach at Shippingport has been to design and build highly 
reliable barriers for containing radioactive material and then to provide 
protection against all conceivable accidents that might release radioactive 
fission products through these barriers. Two independent and continuously 
monitored barriers between the fission products and the surrounding area 
are incorporated into the pressurized water reactor design. First, all fission 
products are contained within the fuel elements themselves, which are clad 
in corrosion-resistant zirconium alloys. The second containment barrier 
is provided by the cooling water (primary system) circulating past the 
fuel elements in an all-welded pressurized system. Should fission products 
from faulty fuel elements leak into the water, they will be contained in the 
primary coolant system, which is continuously monitored by FEDAL. 

In addition, there is yet a third independent barrier: the entire reactor plant 
of the pressurized water reactor is housed in a group of interconnected, 
vapor-tight steel pressure vessels, known as reactor-plant containers. 

An analysis of all possible accidents that might threaten the safety of 
the plant, leads to the following conclusions: 
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1. Should an explosion occur in the pressurized water reactor, there would 
be no physical, chemical or nuclear hazard outside the site. 

2. A reactor-protection system prevents any damage to the core. No com¬ 
bination of pump failures or other loss of coolant flow can release 
fission products. Even a complete loss of electrical power would not consti¬ 
tute a hazard to personnel. 

3. The inherent stability of the PWR (due to its negative temperature 
coefficient) precludes any nuclear power excursion that would result in 
vaporizing or gross melting of the fuel elements with an attendant explosive 
pressure build-up in the cooling system. 

4. Complete release of the reactor coolant to the outside atmosphere would 
not result in a biological hazard beyond the site, even if the core had been 
operating at full power for its normal life (3000 hours) and the coolant were 
loaded with maximum radioactivity due to as many as 1000 leaky elements. 

5. A major rupture in the reactor cooling system resulting in complete 
loss of coolant in the only accident that could release a significant amount 
of radioactive fission products within the plant. In the improbable event 
of such an accident, a safety injection system would be able to pump suffi¬ 
cient water into the reactor cooling system to prevent core melting and 
subsequent development of a biological hazard beyond the site. Moreover, 
the PWR reactor plant container can adequately withstand the maximum 
pressure that could develop for the most extreme rupture in the coolant 
system. 

A major design feature of the Shippingport plant is the safeguarding of 
operating personnel and people in the surrounding area against any ill 
effects from the nuclear radiation given off by the reactor and contamin¬ 
ated cooling water. Operating personnel are protected from direct radiation 
by heavy 4}4-foot-thick concrete walls surrounding all parts of the plant 
and by a 3-foot-thick water tank surrounding the reactor pressure vessel. 
An extensive set of instruments continuously monitors the direct radiation 
in the plant, as well as the radiation from the cooling water, the waste 
disposal system, and the surrounding atmosphere. 

Radiation is monitored throughout the plant by two separate systems, one 
for measuring the power level, the other for safety. The power-level (opera¬ 
tional) monitoring system provides the information needed for operating 
the plant within permissible radiation levels specified by the A.E.C. This 
system has 12 channels, each containing one or more detectors, a pre-ampli¬ 
fier where necessary, and a computer-indicator to provide read-out infor¬ 
mation. The computer indicator units are located in the radiation monitor¬ 
ing panel of the main control room, the detectors throughout the reactor 
plant. The functions of the channels and detectors are as follows: 

1. Four channels with gamma-sensitive Geiger tubes, one in each steam 
generator, detect leakage of primary cooling water into the secondary 
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system. (Leakage is indicated by abnormal radioactivity in samples of 
secondary cooling water.) 

2. Four gamma-sensitive ion chambers monitor radioactivity in each of 
the four boiler chambers. 

3. A gamma-sensitive Geiger tube monitors the water used to cool pumps, 
control-rod drive motors, heat exchangers, and other components. (This 
cooling water might become contaminated by leakage of primary cooling 
water.) 

4. Four beta/gamma-sensitive Geiger tubes monitor the radioactivity of 
gases and airborne particles in the air exhaust stack of the plant. 

5. Four channels use a filter-paper system and scintillation counters to 
monitor the activity of the air within the plant. 

6. Monitors check six cubicles with limited personnel access. 

The safety radiation monitoring system detects any dangerous increase in 
the normal background of the plant surroundings. This system includes 
all on-site and off-site equipment necessary to locate and measure radiation 
hazards. Areas within the plant normally occupied by personnel are moni¬ 
tored to warn against increases in radiation levels. Hand and foot monitors 
are used in various buildings and monitors are provided at the exits. Film 
badges and dosimeters are provided for all personnel to record cumulative 
doses of radiation. In addition, a program of continuous monitoring of the 
environment outside the plant buildings utilizes integrating ionization 
chambers, mobile off-site monitoring stations, and river sampling stations. 
Finally, there is extensive monitoring of the radioactive-waste disposal 
system, comprising 14 detectors in four separate channels. These monitors 
indicate radiation levels in liquid and gaseous hold-up tanks, in the evapo¬ 
rator, and other disposal channels, guiding proper discharge rates. 

Radioactive-Waste Disposal 

Most PWR radioactive wastes come from the reactor cooling system. As 
water circulates through the fuel elements of the reactor core, small amounts 
of radioactive corrosion products make it slightly radioactive. In addition, 
fission products from leaky fuel elements are released into the primary 
coolant. The radioactive-waste disposal system was designed to operate 
satisfactorily with as many as 1000 failed (leaky) uranium-oxide blanket- 
fuel tubes. It is highly unlikely that any of the enriched uranium seed fuel 
elements will rupture, since they are of a highly developed design. More¬ 
over, radioactive-waste disposal is relatively simple at Shippingport, since 
spent fuel elements are not chemically processed at the plant site, but are 
shipped elsewhere. 

The radioactive material consists of liquid, solid, and gaseous wastes. All 
of these wastes are transported to a processing area adjacent to the reactor 
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plant, segregated, processed or stored, and ultimately disposed of, as shown 
in Figs. 4-12 and 4-13. As shown in Process Flowsheet No. 1, the reactor 
plant liquid outflow (called effluent) is piped to underground stainless-steel 
tanks surrounded by watertight concrete enclosures, where it is monitored 
for radioactivity. Depending on the degree of radioactivity, the waste liquid 
may be stored in the tanks while the radiation tapers off, or it may be pro¬ 
cessed through demineralizers and a gas stripper that removes radioactive 
gases. If the wastes are within permissible radiation limits, the liquid is 
blended with the condenser-cooling steam and discharged into the Ohio 
river. 

Soluble radioactive impurities and particles are removed in a series of 
mixed bed demineralizers. The processed liquid is sampled in test tanks to 
assure that it is within allowable radiation tolerances when diluted with the 
condenser-cooling-water stream. Dissolved fission gases are stored in steel 
(gas decay) tanks until their activity has tapered off enough to permit safe 
discharge into the atmosphere from the stack. Other liquid and gaseous 
outflows are monitored before discharge into the atmosphere, and re¬ 
processed if required. 

Fluids used for decontaminating equipment containing highly concentrated 
radioactive impurities are processed through a vapor-compression evapo¬ 
rator. The distillate from the evaporator is sent to surge tanks and the 
concentrate is mixed with cement and passed through drums for burial 
in the ocean. As shown in Fig. 4-13, the spent demineralizer resin used for 
the internal water purification system is diverted by a stream of water to 
permanent underground stainless-steel storage tanks, in which the solids 
settle. These tanks are surrounded by a waterproof concrete enclosure. The 
water used to transport the resin is spilled into liquid decay tanks for 
further processing. 

Combustible, contaminated solid wastes, such as paper, rags, and clothes, 
are incinerated. Gases from the combustion process are scrubbed and filtered 
to remove airborne particles. Ashes and wash water are then fed to the 
resin-storage tank. 

Non-combustible solid wastes, such as contaminated tools, metal turnings, 
and small equipment, are placed in 30-gallon drums and sealed. These, in 
turn, are placed into larger drums and shielded by pouring concrete between 
the drums. The drums are then shipped for ocean burial. Pieces of equip¬ 
ment too large to ship are handled by remote control and suitably buried 
in a “graveyard” at the site. 

Consolidated Edison Thorium Reactor 

Before going on to other types of power reactors, let us mention two other 
pressurized-water reactors, which are in an advanced stage of construction. 
They are the Con Edison thorium reactor at Indian Point, N.Y., about 24 
miles north of New York City, and the Yankee Atomic Power Plant at Rowe, 
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Mass. The Con Edison Plant, particularly, shows some interesting design 
differences from the Shippingport reactor. 

Designed for an ultimate gross electrical capacity of 275,000 kilowatts (275 
megawatts), construction on the Con Edison reactor began in 1956 and the 
plant is scheduled to be completed in late 1960. What makes the Con Edison 
reactor particularly interesting is that it is designed as a “thorium con¬ 
verter,” which transmutes thorium-232 into uranium-233, in accordance with 
the nuclear reaction described in Chapter 2. The core of the reactor will 
initially contain about 850 kilograms of fully enriched U-235 and as much 
as 17,400 kg of thorium oxide. At the end of the useful core life—about 
600 days at full power—a small amount of thorium will have been converted 
into 146 kilograms of fissionable U-233, thus supplementing the original 
fuel loading. The reaction will also produce some 14.6 kilograms of pro¬ 
tactinium, which is not useful as a fuel. To produce the electrical output of 
275 megawatts, the reactor must attain a thermal power of 1,706,500 Btu per 
hour (500 megawatts), which results in an electrical output of 163 megawatts. 
(An oil-fired superheater provides 112 megawatts supplementary energy.) 


Reactor Core and Vessel 


The Con Edison reactor is housed in a 160-foot carbon-steel sphere with 
inch-thick walls, and enclosed by a cylindrical concrete radiation shield. 
In the center of the sphere is the reactor pressure vessel, shown in Fig. 4-14. 
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The vessel is surrounded by a neutron-shield tank and a concrete biological 
shield. 

Like the Shippingport reactor, the Con Edison PWR employs a primary 
coolant system and a secondary steam system that drives the turbine-gene¬ 
rator via the superheater. The heat generated in the reactor is transferred 
by pressurized water to four steam generators in the primary system. Some 
100,000 gallons per minute of pressurized water are needed to carry away 
the heat generated in the reactor core. The water enters the pressure vessel 
through an inlet at about 482°F, is directed past the fuel elements and con¬ 
trol rods, and leaves the outlet at about 510°. An automatic control system 
operates a regulating rod to maintain steam pressure at 420 pounds per 
square inch for a steady load. Two oil-fired superheaters further improve 
the steam temperature and pressure at the turbine inlet adding 112,000 
kilowatts electricity to the turbine generator capacity. 

The reactor vessel is a cylindrical shell of carbon steel, with an inside dia¬ 
meter of 9.75 feet and a minimum wall thickness of almost 10 inches. The 
active core, containing some 120 fuel elements and 21 control rods, measures 
about 6*4 feet in diameter and is 8 feet high. The uranium-oxide/thorium- 
oxide fuel mixture and the flow of pressurized water takes up about 72 per¬ 
cent of the core volume, the remainder being occupied by stainless steel and 
Zircaloy-2 structural materials. The drive assemblies for the 21 control rods 
are located beneath the reactor vessel. 

Yankee Atomic Electric Company Plant 

The Yankee plant, under construction at Rowe, Mass., will have a net 
electrical capacity of 134,000 kilowatts at its completion in 1960. The Yankee 
Atomic Electric Company will operate the power plant and bear all construc¬ 
tion costs—estimated at $50 million with the AEC assisting in reasearch and 
development costs. The heart of the plant will be a pressurized-water reac¬ 
tor, water-cooled and moderated, employing 2.6% enriched uranium fuel 
elements clad with stainless steel. The fuel will be some 27,000 kilograms of 
uranium dioxide pellets in stainless-steel tubes. Reactor design and opera¬ 
tion is similar to Shippingport. 

The Yankee plant circulates water, at a temperature of about 500°F and 
at 2000 pounds pressure per square inch, from the reactor vessel through 
four piping loops and four steam generators. One of these loops is shown 
in Fig. 4-15. The principal equipment in each loop consists of two gate- 
type valves, a steam generator-heat exchanger, a circulating pump, a check 
valve, and a relief valve. 

Experimental Boiling-Water Reactor (EBWR) 

In the boiling-water reactor, the steam that drives the turbo-generator is 
generated directly in the reactor core. This eliminates at one stroke the 
highly pressurized cooling water and associated pumps and heat exchangers 
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that make the PWR such an uneconomical unit. It also permits the genera¬ 
tion of turbine steam at far higher pressure and temperature than is 
possible in a pressurized-water reactor. The price that has to be paid for this 
increased efficiency and attendant lower cost, is the carry-over of radio¬ 
active steam to the turbine With the resulting corrosion problems and the 
difficulty of obtaining reliable fuel elements that can withstand the condi¬ 
tions in the reactor core. 

An experimental boiling-water reactor (Fig. 4-16), designed to produce 
20,000 kilowatts of heat and 5,000 kilowatts of electricity, has been in opera¬ 
tion atthe Argonne National Laboratory since late. 1956, This power level— 
and as we shall see later considerably higher ones—are achieved with a 
neutron Bjox of 10 lS neutrons/cm 2 -sec and a steam pressure of 600 pounds 
per square inch at 488° F. 

The how diagram of the EBWR (Fig, 4-17) shows its simplicity of opera¬ 
tion. A start-up heater begins the natural circulation of the moderator/cool¬ 
ing water through the reactor core. The water is brought quickly to a boil by 
the operating reactor, and is transformed, into high-pressure steam. The 
steam is dried to remove the water vapor and is then fed to the turbine 
through a system of valves that permit relief of excess pressure. The spent 
steam from the turbine is cooled by a condenser and the condensed water 
is pumped back to the reactor through ah air 'ejector and filter. The boric 
acid injector is provided to permit quick dousing of the reaction if nces&sary. 
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The core of the EBWR (Fig, 4-18) is a right cylinder that contains natoral- 
and enriched-uranmm fuel elements of the box type, similar to those of the 
BSR (pool) reactor. Each box assembly holds six fuel plates made of a 
skconium-uramum-mobium sandwich, clad with ZircaIoy-2. Control of 
the reactor is achieved fey five hafnium/Zircaloy and four boron/stainless- 
steel rods, which are operated from a control-rod room below the reactor, 
The reactor core is surrounded by a 9-inch thickness of water, serving as 
reflector, a 1-inch stainless-steel thermal shield and the reactor pressure 
vessel, also made of stainless steel. The pressure vessel is placed in a water- 
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A year of experimentation with the EBWR has brought some remarkable 
improvements. Although it was originally designed for a 20,000-kilowatt 
heat-level, which was achieved in December 1956, this level was stepped up 
3 times, to 62,000-kilowatts of heat, without any change in the physical plant. 
The high heat level, which corresponds to about 15,000 kilowatts of electri¬ 
city, was achieved by boiling the water in the core at a higher-than-normal 
rate, resulting in faster circulation and more rapid removel of heat. The 
step-up in power reduced the power cost by nearly 40 per cent, from an 
original figure of 52 mils/kilowatt-hour to 32 mils, the lowest nuclear-power 
cost achieved thus for. Further step-ups are considered possible. 

Vallecitos Bolling Water Reactor 

A direct-cycle boiling-water reactor generating some 5000 kilowatts of 
electrical power has been operating successfully since October 1957 near 
Pleasanton, Calif. This plant is part of the General Electric Company’s 
Vallecitos Atomic Laboratory, located about 40 miles southeast of San 
Francisco. Built to test the boiling-water reactor concepts developed with 
the EBWR, the Vallecitos reactor may be run either as a single- or dual¬ 
cycle plant. The reactor serves as a pilot project for the large 180,000 
kilowatt Dresden Plant, now being constructed by General Electric. 

The simplified flow diagram (Fig. 4-19) shows the flexible features of the 
Vallecitos plant. For conventional single direct-cycle operation, the steam 
accumulating above the water in the reactor vessel is piped to the turbine, 
where it gives up its energy by expansion. The turbine drives the 5000- 
kilowatt electric generator, while the spent steam is liquefied in the con¬ 
denser, and pumped back into the lower portion of the reactor. 

When the reactor is operated as a dual-cycle system, the direct cycle takes 
place as before, but in addition, heat is removed from the boiling water of 
the reactor by a dual-cycle heat exchanger. Secondary feed water piped 
through this exchanger is thus converted into steam, which at present is 
discharged from a stack. In routine power-plant operation, this steam 
would, of course, be utilized by being fed into the turbine at a point about 
midway (in pressure). An emergency system also is provided for dissipating 
reactor steam whenever steam generation exceeds the capacity of the single¬ 
cycle equipment. This heat-dissipation system operates like the dual-cycle 
system. Externally supplied emergency cooling water is converted into 
steam by the reactor heat in the emergency heat exchanger and the waste 
steam is exhausted from the stack. 

Dresden Nuclear Power Station 

The Vallecitos boiling water reactor and the A.E.C. experimental boiling 
water reactor (EBWR) at Argonne provided the research data for the 
180,000-kilowatt $45-million Dresden Nuclear Power Station, now under 
construction at a 950-acre site southwest of Chicago. Designed and con- 
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structed by the General Electric Company under contract with the Common¬ 
wealth Edison Company of Chicago, the Dresden plant is scheduled for 
completion in late 1959, 

The artist's cutaway sketch (Fig. 4-20) shows the location of the various 
facilities at the Dresden Nuclear Power Plant. A spherical building, 190 
feet in diameter, contains the reactor, the steam separating drum, secondary 
steam generators, pumps, and other auxiliaries, making up the steam gen¬ 
erator ‘‘package.” A separate building houses .the turbine-generator and 
auxiliary equipment required for converting the thermal energy of the 
reactor into electrical energy. The entire plant is operated from a control 
room in the west end of the turbine building. A fuel building near the 
reactor provides facilities for inspecting and storing new and spent fuel. 




Reactor Vessel and Care 

Figure 4-21 shows the carbon-steel reactor vessel, which is 40 feet high and 
has an internal diameter, of about 12 feet? it is lined on the inside with stain- 
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less steel. Boiling water produced by the beat from the fissioning fuel in 
the core passes through 12 outlet nozzles up to the steam-separating drum. 
The reactor core contains 488 fuel elements, each loaded with 36 round 
uranium-dioxide fuel rods clad with Zircaloy-2, A core loading of 60 tons 
of slightly enriched uranium is expected to last about six years, when full 
reactor efficiency has been attained. The control cods and instrument nozzles 
are located in corners between the fuel elements. Eighty boron/stainless- 
steel control rods are provided to control a thermal reactor power of 626,000 
kilowatts, for a gross electrical output of 192,000 kilowatts.. Net electrical 
output is 180,000 kilowatts. 


Simplified Flow Diagram 

Like the Vallecitos plant, the Dresden station utilizes dual-cycle operation: 
steam is obtained from two sources, the steam drum and the steam gen¬ 
erators. As shown in Fig. 4-22, a mixture of boiling water and steam from 
the reactor rises to the steam drum (boiler), from which the primary steam 
is sent to the turbine. After separation from the steam, the water is pumped 
back to the reactor through four steam generators, one of which is shown 
in the diagram. 

The secondary steam generators produce steam at slightly under 500°F, and 
this steam is fed to the turbine at an intermediate pressure stage. After 
giving up its energy to the turbine, the steam is passed through a condenser, 
where it is converted back to water. Part of the condensed water is pumped 
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hack to the reactor through the steam drum and the steam; generators ; the 
remainder is again evaporated to secondary steam in the four steam 
generators. 
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The dual-cycle feature provides self-regulating reactor control that responds 
rapidly to changes in power demand. Reactor power is regulated by con¬ 
trolling the temperature of the water returning to the reactor from the 
steam generators. With a decreasing load, the steam generators produce 
less secondary steam, which increases the temperature of the water returning 
to the reactor. The increase in temperature, in turn, slows down the rate of 
fission and causes the reactor power level to drop. As a result, the steam 
pressure in the .secondary system drops with the declining load. The reverse 
process takes place with an increasing load. 
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The pressure in the reactor is normally held constant by the turbine’s 
primary admission valve which controls the flow of primary steam. The 
self-regulating feature varies the pressure in the secondary system in 
accordance with the load. Load changes cause the turbine’s governor to 
actuate the secondary admission valve for secondary-steam admission. 


SodiupS’Qrophito Reactors t-'L' ■ 

Radioactive liquids under pressure flowing through a reactor core are poten¬ 
tially dangerous. The sodium-graphite reactor eliminates this danger by 
using low-pressure liquid sodium as reactor coolant. (Sodium is a metal 
that has excellent, beat conducting properties and remains a liquid at the 
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high reactor temperatures.) The reactor itself uses slightly enriched uran¬ 
ium fuel and is graphite-moderated. The major operating unit of this type 
is a 6500-kilowatt generating plant, (Fig. 4-23), developed for the A.E.C, 
by North American Aviation, Inc. and operating since April 1957 in the 
Santa Susana Mountains neat Los Angeles, Cal, 


at 960°F. The heat from the primary coolant is transferred in a heat 
exchanger to a secondary liquid-sodium circuit, operating at the same flow 
rate between inlet and outlet temperatures of 440°F and 900° F> respectively . 
Water circulating through a heat exchanger-steam generator is brought 
to a boil by this secondary sodium cycle and the resulting high-pres¬ 
sure (600 pounds per square inch) steam operates the turbogenerator 
in the familiar cycle. The heat output of this system is 20,000 kilo¬ 
watts and the electrical output from the generator is 6500 kilowatts. There 
is also an auxiliary 1000-kilowatt cooling circuit (not shown)* which pet- 
mi ts cooling after sluitdowns. 

The core of the sodium-graphite reactor (Fig. 4-25) is a 6-foot - 6-foot 
polygon, formed by hexagonal graphite columns, each clad with zirconium. 
Some of these columns are solid graphite, but most are penetrated axially by 
a zirconium tube that forms the fuel channel. Each 6-foot fuel element 
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SIMPLIFIED FLOW DIAGRAM OF SODIUM-GRAPHITE REACTOR 



consists of 7 rods of metallic uranium slugs, sealed in a stainless-steel 
tube. Seventeen positions are provided in the spaces between the graphite 
columns to receive experimental samples and the control rods. There are four 
regulating and four safety rods, each consisting of a column of boron-mickel 
rings assembled on a tube that is moved in a stainless-steel thimble. The 
thimbles also contain the drive mechanism for operating the rods. A 2-foot- 
thick graphite reflector (inner liner) surrounds the entirecore. 

The core assembly is contained in a stainless steel tank, which is surrounded 
on the sides by a thermal shield of 5j4 inches of steel. The thermal shield 
on top of the reactor vessel consists of 13 spaced stainless-steel plates, 
followed by 1 inch of solid stainless steel and a 1 %-inch layer of lead. 
A biological shield of dense magnetite concrete encloses the reactor, 

The cost of the sodium-graphite reactor installation is approximately 
$10,000,000. Its major drawback is that the liquid sodium becomes highly 
radioactive, which causes serious corrosion problems and makes it difficult 
to preserve the fuel elements for any length of time. Also, in the event of 
a leak, the sodium would react very violently with water. 

HaUctra Nuclear Power f acility 

Based on the information developed in operating the Santa Susana sodium 
reactor installation, a 75,000 kilowatt sodium graphite reactor is being* con- 
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structed at Hallam, Nebraska, by Atomics International under contract with 
the Atomic Energy Commission and the Consumers Public Power District 
of Nebraska. Like all sodium reactors, the Hallam reactor design has the 
chief advantage of providing high temperature conditions without atten¬ 
dant high pressures on the primary sodium coolant. With sodium heated to 
about 945 °F, the plant is expected to have good steam conditions at the tur¬ 
bine and high overall thermal efficiency. The bugaboo of any such plant, 
however, is the high radioactivity of the sodium that passes through the reac¬ 
tor and the steam generators. To prevent the radioactive sodium from react¬ 
ing chemically with the water in the steam system (in the event of a steam 
generator leak) a secondary, nonradioactive sodium cycle is interposed 
between the primary (reactor) system and the steam system. Nuclear opera¬ 
tion of the Hallam plant is anticipated in 1962. 
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Aa shown in Ftg. 4-26, the Hallam reactor will be underground. The core is 
in a stainless steel tank, about 28 fret high anti 17 feet in outer diameter. Cast 
steel, l x /x inches thick, will serve as thermal shield and 6-foot-thick concrete 
as biological shield. * 
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Heat is carried from the reactor by the primary sodium through three sepa¬ 
rate, parallel loops of piping pumps to the intermediate heat exchangers, 
where the heat is given up to the secondary sodium system. The primary 
(radioactive) sodium is pumped back to the reactor. Each of the loops can 
transfer one-third of the reactor heat to the beat exchanger. The secondary 
(nonradioactive) sodium, in turn, gives up its heat to water in the secondary 
steam generators, one being provided for each loop. The high-pressure steam 
produced by the steam generators drives the turbine. Radioactive contami¬ 
nation of the secondary sodium by leaking primary sodium is prevented by 
looping the pressure in the secondary loops above that in the primary loops, 
Each complete loop, thus, contains a sodium primary system, a sodium sec¬ 
ondary system and a portion of the steam system. The turbine generator and 
associated equipment are not shown. 

The horizontal working area of the reactor is level with the base of a fuel- 
handling cask. This fuel-handling cask is attached to a self-propelled car¬ 
riage that rides on rails. By using the cask with its heavy built-in shielding, 
spent fuel elements may conveniently be removed from the reactor and 
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replaced by new ones. The spent elements are kept in the fuel storage and 
cleaning area (at left) until their radioactivity decays sufficiently for ship¬ 
ment to a processing plant. Note also the control and safety rods protruding 
above the reactor into the working area. 

Homogeneous Reactor Experiments (HRE) 

As we have noted in the last chapter, homogeneous reactors utilizing a liquid 
fuel-moderator solution have the great advantage of permitting easy refuel¬ 
ing and continuous removal of fission products and other corrosive “ashes.” 
By eliminating the solid fuel elements, which must be replaced frequently 
because of radiation damage, the operation of a homogenous reactor becomes 
relatively inexpensive and, hence, of considerable interest for economic 
nuclear power production. 

The Atomic Energy Commission is conducting two homogeneous reactor 
experiments at the Oak Ridge National Laboratory. The first, the KRE-1, 
was operated at Oak Ridge from 1952 to 1954 using a fuel of highly enriched 
uranyl sulfate in a moderating solution of ordinary water. The experiment 
demonstrated the excellent safety and stability characteristics of the hom¬ 
ogeneous reactor, as welt as the expected flexibility and simplicity of fuel 
handling. Moreover, the inherently large negative temperature coefficient of 
the reactor results in remarkable nuclear stability. You will remember that 
this works two ways : it makes the reactor safe against sudden excess reac¬ 
tivity; it automatically regulates reactor power to turbine demand. 

Based on the successful HRE-1 experiment, a larger and more powerful 
homogeneous reactor, HRE-Z (Fig. 4-27), was constructed and placed in 
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operation at Oak Ridge in December 1957. The design of this reactor elimi¬ 
nates the need for mechanical control rods by making use of the inherent 
self-regulation of the homogeneous-solution reactor, which also permits con¬ 
tinuous removal of the fission products. The enriched urany) sulfate Fuel of 

. * .■ - -sr <r-r*4 T-» a * . i’ ' * * 1 «* . 


the HRE-2 is placed in a heavy-watef moderator. 

As shown in Fig. 4-28, the HRE-2 is divided into three main systems: the 
luel system, the blanket system, and the power system. The uranyl-sulfate 




condenser 


heavy-water fuel solution (enriched by 4 kg of U-235) is pumped under pres¬ 
sure through the reactor core and gives up its ta$at to ordinary water in a heat 
exchanger. The water is converted into steam, which is fed into the power 
system pipes, A blanket, consisting of about 410 gallons (1550 liters) of 
heavy water, surrounds the reactor core, serving as reflector and coolant. (In 
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a later phase of the test program, the heavy-water blanket will contain 
depleted uranyl sulfate in solution.) The heavy-water blanket/coolant is cir¬ 
culated under pressure through another heat exchanger, which again trans¬ 
fers the heat to the water-steam cycle of the power system. The high-pres¬ 
sure steam from both heat exchangers (520 pounds per square inch at the 
heat exchanger) is then used to drive the turbogenerator. After condensa¬ 
tion, the water is pumped back to the fuel and blanket systems. Both the fuel 
and blanket lines are tapped by secondary lines to permit chemical process¬ 
ing and storage, 

The reactor structure is quite simple. (See Fig. 4-29.) The fuel solution is 
contained in a spherical vessel, 32 inches inner diameter, made of “Zircaloy *’ 
—a 60-inch (inside diameter) stainless-steel-clad pressure vessel surrounds 
the core container, the hollow space in between being filled by a 14-inch 
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heavy-water blanket, The pressure vessel, in turn, is surrounded by a 154- 
inch thick stainless steel blast shield, which is cooled on the outside by cir¬ 
cular cooling coils, The entire reactor vessel is surrounded by a thermal 
neutron shield, consisting of barytes, sand and water, followed by a heavy 
steel-and-concrete biological shield. 

Note the absence of any type of mechanical control rods. Startup and long¬ 
term coarse control of reactivity (shim) is achieved by varying the concentra¬ 
tion of the uranyl sulfate fuel solution, while the negative temperature coef¬ 
ficient is relied upon for safety and fine regulation in accordance with the 
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power demand. These simplifications in structure, fuel handling, operation 
and maintenance result in a highly economical reactor, that holds promise 
as a commercial power producer. 

Fast Breeder Reactors 

Most reactors convert a certain amount of non-fissionable fertile material 
into fissionable fuel. Reactors using an enriched uranium fuel convert a por¬ 
tion of the fertile U-238 into fissionable plutonium, by the process described 
in Chap. 2. Similarly, reactors using thorium as a fertile material convert a 
portion of it into fissionable U-233 in an analogous reaction also discussed in 
Chap. 2. A breeder reactor differs from ordinary reactors in that it is 
designed to convert more fertile material into fissionable form than the 
amount of fissionable fuel it consumes. For example, a plutonium breeder 
converts more U-238 into plutonium than the amount of U-235 it consumes. 
The advantage of breeding for power reactors is evident, inasmuch as the 
newly produced fuel can be “burned” along with the original supply to pro¬ 
duce greater fuel economy and lower power cost. 

Breeders usually do not use a moderator to slow down the fission neutrons. 
Operation with fast neutrons results in a more favorable fission-to-capture 
ratio, permitting a greater uranium-plutonium (or thorium-U 233 ) conversion 
than would otherwise be possible. From a power production viewpoint, 
therefore, the main interest is centered in fast breeders. 

Experimental Breeder Reactor No. 1 (EBR-1) 

A small experimental breeder reactor (EBR-1), designed by the Argonne 
National Laboratory and operating since December 1951 at the National 
Reactor Test Station in Arco, Idaho, achieved the double distinction of being 
the first known breeder reactor and also the first reactor to generate useful 
electric power. The EBR-1 is a fast, unmoderated, enriched-uranium reactor, 
which attains a heat output of about 1400 kilowatts and an electrical output 
of 200 kilowatts from a fast neutron flux of about 1.1 X 10 14 neutrons cm 2 -sec. 
Its specific power is about 18 kilowatts per kilogram of U-235 and its power 
density about 4 kilowatts per cubic inch of the reactor core, which is far 
greater than the power density inside a jet engine. The conversion ratio of 
the EBR-1 is 1.01, which means that 1 per cent more fissionable fuel is pro¬ 
duced than is used up. 

The football-sized core of the EBR-1, which produces most of the heat out¬ 
put is fueled with enriched uranium slugs contained in stainless steel rods. 
(See Fig. 4-30.) An inner blanket of natural uranium rods is placed above and 
below the fuel rods and the entire assembly is cooled by a liquid sodium- 
potassium alloy (NaK). The core and inner blanket are surrounded by an 
outer blanket of natural uranium bricks, which are penetrated by variously- 
sized holes for air cooling and the insertion of control rods. Most of the fis¬ 
sionable plutonium is produced in the two U-238 blankets, which capture the 
fast neutrons from the core. 
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As shown in Fig. 4-31. the liquid-aodiwn/potassjum coolant flows by gravity 
from the suply tank (top center in the illustration) through the inner blanket 
and reactor core, from which it absorbs heat^ and leaves the reactor at a tem¬ 
perature of about 600° F. The primary coolant then enters a heat exchanger, 
where it gives up the heat to a secondary liquid-sodium/potassium coolant, 
and flows into a receiving tank. An electromagnetic pump (bottom of illus¬ 
tration) lifts the cooled liquid metal to the elevated supply tank and the 
primary cycle starts over again. 

Since the liquid-sodium/potassium an the primary circuit becomes highly 
radioactive and it is necessary to limit the amount of equipment that must be 
shielded, the secondary liquid-sodium/ potassium circuit is used. The heated 
Secondary liquid metal is pumped to an explosion-proof steam boiler, where 
the heat is used to convert water into high-pressure steam. The steam is 
passed to a conventional 250-feilowatt turbogenerator to generate power and 
then is condensed and returned to the boiler by a feedwater pump. 

The original core of the EBR-1 was damaged in November 1955 during an 
experiment to determine “runaway behavior” for sudden power increases. In 
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November 1957 the reactor was put back in operation with its new Mark 
III core. 


Experimental Reactor No. 2 (EBR-2) 

After the EBR-1 demonstrated the feasibility of breeder power reactors on 
a small scale, construction on a second power breeder (EBR-2) was started 
in 1957 and the $40-milJion plant (Fig. 4-32) is expected to be in operation 
in 1959, The EBR-2 will have a large scale-up in power, the design providing 
for a heat output of 62,500 kilowatts and an electrical output of 20,000 kilo- 
watts, with a specific power of about 300 kilowatts per kilogram of U-235. 
Like the EBR-1, it is an unmoderated, enriched-uraninm-plutomum, 
heterogeneous reactor. Its core is designed more efficiently, however, to 
make maximum use of fast neutrons for transmuting uranium-238 into plu¬ 
tonium. This is accomplished by placing a large number of pin-type enriched 
uranium or plutonium fuel elements into hexagonal tubes and surrounding 
them first with an inner blanket of stabilized uranium pin elements and then 
an outer blanket of uranium prisms in a radiator-type arrangement. Both 
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the primary (reactor) and secondary coolants in the EBR-2 are liquid sod¬ 
ium, rather than a sodium/potassium alloy. The primary sodium, secondary 
sodium, and water-steam cycles of the EBR-2 are essentially similar to the 
dual cycle described for the EBR-1, as shown in Fig. 4—33. 

I 

Enrico Fermi Atomic Power Plant 

Based on the experience with fast breeders at Argonne and Los Alamos, the 
Atomic Power Development Associates, Inc. are designing a full-scale het¬ 
erogeneous fast breeder with a net electrical capacity of 90,000 kilowatts for 
the non-profit Power Reactor Development Company, an association of 21 
electrical utility firms. Construction on the Enrico Fermi reactor plant at 
Lagoona Beach, Mich., was started in 1956, and at its scheduled completion 
in 1960, the plant will feed electrical power into the Detroit Edison system. 
The Atomic Energy Commission under its power demonstration program 
will provide financial research and development assistance and waive fuel 
use charges for five years. 

In the Fermi plant, a gastight cylindrical steel reactor building houses the 
reactor, fuel handling mechanism and the intermediate heat exchangers, 
sodium pumps, piping and storage tanks of the primary system. The build¬ 
ing is fabricated of 1-inch thick steel plate, capable of containing fission 
products and radioactive sodium released in the event of a reactor accident. 
To minimize the chances of a chemical reaction between the oxygen and 
water vapor in the air and the sodium, the air in the reactor building is dehu¬ 
midified and reduced in oxygen content in the reactor proper. 

The reactor is enclosed by the reactor vessel, which is itself surrounded by 
the primary shield tank. This tank provides additional containment for the 
sodium in the event of a reactor vessel leak and supports the primary neutron 
shield. The Fermi reactor is small in size, since its core contains only 485 
kilograms of highly (27%) enriched uranium and no moderator. The 91 fuel 
elements of the reactor core are surrounded by 572 radial blanket elements 
which contain fertile uranium that has been depleted in its uranium-235 con¬ 
tent. In addition, each fuel element has two axial blanket sections near its 
ends, also containing depleted uranium. The greater part of the reactor 
heat—some 300 megawatts thermal output—is generated in the enriched 
uranium core, while fissionable plutonium is produced in the surrounding 
breeder blanket. Reactor control is accomplished by two shim control rods, 
with eight additional rods provided for safety. The gross electrical output 
of the generator is 100,000 kilowatts. 

The fuel-handling setup is similar to that at the Hallam plant. Fuel enters 
the reactor building and reactor in a shielded transfer-cask car and is 
received by the fuel-handling mechanism incorporated into the reactor. The 
fuel handling mechanism also transfers spent fuel to the car for removal to 
an area outside of the building, where it is cleaned of sodium and stored 
until its radioactivity has decayed sufficiently for shipment. 
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Simplified Flow Diagram 

The simplified flow diagram of the Fermi plant (Fig. 4-34) shows one of the 
three circuits whose job it is to generate the steam that transfers heat from 
the reactor to three hoilers which io turn drives the turbine. In the primary 
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coolant system, hot radioactive sodium is circulated by a pump from the 
reactor to the intermediate heat exchangers and back to the reactor at a pres¬ 
sure of 92 pounds per square inch. The intermediate heat exchangers trans¬ 
fer the heat from the radioactive sodium to the nonradioactive sodium of 
the secondary system. This system includes the tube side of the intermediate 
heat exchangers, the shell side of the boilers, centrifugal pumps, piping and 
auxiliary equipment. The intermediate loop operates at a low average pres¬ 
sure of SO pounds per square inch. 

The steam power-generating system, consisting of three boilers (only one is 
shown), turbine-generator, condenser, pumps and piping, is shown at right 
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of the flow diagram. Each steam generator is capable of producing about 
500,000 pounds of steam per hour under a pressure in excess of 1000 pounds 
per square inch (on the water side) and of a temperature of about 780° F. 
The steam passes through the turbine and is returned to the liquid state by 
the condenser equipment and three regenerative cycles (not shown). 
De-aerating equipment processes the hot pressurized water and the boiler 
feed pump returns the water to the steam generators, where the cycle 
is repeated. 

Organic Moderated Reactors 

Let us now take a glimpse at some speculative ventures in the recently 
expanded nuclear power development program of the Atomic Energy Com¬ 
mission. The first of these is an organic-moderated and cooled reactor. 
Research on organic-moderated and cooled reactors and on a variety of 
organic liquids has been carried on for a number of years. Any one of a 
number of polyphenyls can serve as organic moderator and coolant. In prac¬ 
tice, a commercially available mixture of terphenyls is presently used. 

Organic-moderated and cooled reactors have many of the advantages of 
pressurized water systems and, in addition, those provided by the organic 
coolant-moderator. Among these advantages are low system pressure, the 
elimination of hazardous chemical reactions with uranium or water, negligi¬ 
ble corrosion of ordinary construction materials, and low induced radioac¬ 
tivity in the primary coolant. 

A possible drawback is polymerization or decomposition of the organic 
liquid. Among the variety of organic liquids tested for stability, certain 
polyphenyls, including diphenyl and terphenyl, have been found most stable 
under the thermal and radiation conditions prevailing during reactor opera¬ 
tion. Slight decomposition (polymerization) of these organic liquids does 
occur, however. In organic-moderated power reactors this problem is con¬ 
trolled by incorporating a purification system in the heat-transfer circuit and 
by continuous addition of small amounts of makeup fluid to replace the poly¬ 
mer removed by decomposition. 

Organic-Moderated Reactor Experiment (OMRE) 

A reactor that uses the hydrocarbon terphenyl as both moderator and coolant 
has been in operation since September 1957 at the National Reactor Testing 
Station in Arco, Idaho, The OMRE reactor is designed for a heat output of 
5000 to 16,000 kilowatts, but no attempt is made at this time to extract useful 
electrical power from the reactor. The experiment is primarily designed to 
simulate the conditions of heat transfer, temperature and coolant flow that 
may be encountered in later, practical power reactor versions. The high boil¬ 
ing point of the organic coolant makes possible a high-temperature/low- 
pressure system, along with the other advantages of organic liquids we 
have mentioned. 
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The OMRE core is fueled with uranium, enriched with 20.6 kilograms of 
U-235, and uses terphenyl as coolant, moderator and reflector. Control is 
obtained by 12 boron-caibide control rods, operated by a rack-arid-pinion 
drive. OMRE is presently used to investigate a number of problems, such as 
potential Are and explosion hazards and the rate of decomposition of the 
organic moderator-coolant. 


Plqua Organic Moderated Reactor Power Plant 

The city of Piqua, Ohio, has submitted a proposal for an organic-moderated 
and cooled reactor plant, which will be constructed if the OMRE installa¬ 
tion at Arco, Idaho, bears out the validity of the organic moderated reactor 
concept, and if a satisfactory fuel element can be developed. The latter task 
is entrusted to Atomics International, Inc., under contract with the Atomic 
Energy Commission. Plans call for operation to commence in 1961. 

Figure 4*35 shows the chief components of the proposed plant. The system, 
consists of a closed loop in which a mixture of terphenyls serving as moder¬ 
ator and coolant carries heat from the reactor to a steam generator or boiler. 


PROPOSED ORGANIC-MODERATED REACTOR 

POWER PLANT AT PWA, OHIO 






which produces the steam required to drive the turbine. A rated thermal 
heat output of 45,500 kilowatts and an electrical output of 12,5£K1 kilowatts is 
planned. Steam would be produced at 415 pounds per square inch and 
55U°F. The negative temperature coefficient of the organic-moderated reac¬ 
tor will act as a governor to limit power surges and excess power levels. 
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Furthermore, the nuclear characteristics permit a compact core with good 
neutron economy. The entire heat-transfer system should be relatively 
accessible because the organic coolant becomes only slightly radioactive. 

The reactor core for the Piqua plant will be in a steel reactor tank below 
ground level. Inside the reactor tank a thin-walled core tank contains the 
liquid organic moderator and the core. The core will consist of 138 fuel ele¬ 
ments and 8 control and safety rods, immersed in the organic liquid. Fuel 
elements suspended from a top grid plate are enclosed in steel boxes which 
extend through a bottom grid plate. A Piqua fuel element consists of 10 flat 
fuel-bearing plates and two aluminum end plates, held together by aluminum 
side plates. Each fuel plate will contain uranium metal enriched up to 1.8% 
in U-235. A core loading will require 6250 kilograms of the enriched uran¬ 
ium. For an 80% plant factor, the fuel replacement rate should be about 330 
kilograms of uranium per month, equivalent to 73 fuel plates or 7.3 fuel ele¬ 
ments. At this rate, a core loading should last approximately 18 months. 

Control rods will be driven by geared electric motors, located in the control 
rod drive room. The rods are neutron-absorbing, boron-steel rings, mounted 
on steel tubes. In general, all materials in the reactor core and primary cool¬ 
ant system will be chemically compatible. The potential energy stored in the 
system, in the form of gases or liquids under pressure, will be small, the 
operating pressure being only 65 pounds per square inch gage. 

Piqua Flow Diagram 

The flow diagram for the Piqua plant (Fig. 4-36) is essentially similar to that 
for a pressurized water reactor. The heat-transfer system is laid out in two 
loops, one being shown on the diagram. Each loop is enclosed in an individ¬ 
ually shielded vault, located next to the reactor tank below ground level. By 
use of isolating valves, maintenance work can be done on one loop without 
plant shutdown. 

The estimated polymerization rate of the organic terphenyl coolant at the 
reactor outlet temperature of 617°F is 0.5 pounds per thermal megawatt- 
hour of reactor operation. A purification system is tapped into the main cool¬ 
ant piping to replenish the coolant at this rate. Used terphenyl continuously 
passes through the purification system at about 75 pounds per hour. After 
the polymers are removed in a packaged-column fractionating still, the puri¬ 
fier terphenyl is condensed, pumped to an accumulator tank, and then 
returned to the main coolant streams. Sufficient make-up of new terphenyl is 
added from the “new coolant” storage tank to maintain a constant level in the 
reactor tank. The purification system is enclosed in a shielded vault. 

Liquid Metal Fuel Reactor Experiment (LMFRE) 

Reactors using liquid metal as a fuel are technically feasible and appear 
attractive from a cost standpoint. Research and development on an experi¬ 
mental liquid-metal-fueled reactor (LMFRE) is now in progress, but for the 
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present a reference design (LMFR) Is used for comparative analysis. This 
design is based upon a 550 megawatt thermal reactor fueled by a solution of 
fissionable U-233 in molten bismuth. The fuel is surrounded by a blanket 
consisting of a slurry of fine thorium-bismuthide particles in liquid bismuth, 
which permits the breeding of U-233 fuel. A graphite core serves as 
moderator. 

As shown in Fig, 4-37 ; , the U'-'^-btsmuth fuel is pumped through the core of 
the reactor, which generates 90% of the heat. The heated fuel is then passed 
through a heat exchanger* where it gives up its heat to transform water into 
steam (2000 pounds per square inch), which drives the turbogenerator. The 
cooled fuel is recirculated to the bottom of the core. On-site processing of 
the fuel would involve continuous removal of all fission products. Another 
chemical process removes both the fission products and new fuel from the 
blanket material. Various studies are in progress at present to determine the 
nuclear stability of the reactor and establish the metallurgical resistance of 
the construction materials. 
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(non-breeding) reactor, to be Fueled with 


homogeneous, 


meot on a 

molten plutonium metal. This reactor, known as LAMPRE-1, will produce 
about 1 


is expected to be critical in 
I960. A more advanced reactor prototype. LAMPRE'-2. is to follow later on, 
if the first reactor proves Successful, and for the final phase an electric- 
power-producing molten-plutonium reactor, LAMPRE-3. is planned. 

The,L AMPERE-1 reactor core (Fig. 4-38) will consist of a 6 X 6-inch right 
cylinder containing molten plutonium alloy fuel in the spaces between sod¬ 
ium coolant tubes. A nickel blanket will surround the core, serving as fast 
neutron reflector. This nickel re^«ctpi^lll be movable for regulating the, 
reactor power, thus eliminating control rods. The reactor is to operate at a 
temperature of"65.0*C, attaimngy'M;'g«fee'lfiiC"pow-er of 70 kilowatts per kilo¬ 
gram of fuel. 


Other Experimented Reactors 

In addition to the experimental reactors just described, the A.E.C 
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ning other experimental types itt its program. These projects will include 
among others, a gas-cooled bigb-ieinperature reactor and a dual-purpose plu¬ 
tonium recycle reactor, capable of producing both electrical power and plu¬ 
tonium for weapons. These are part of a five-year program, calling for an 
annual expense of about $200 mill ion to be spent on the development of 
power-producing reactors. 
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